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FOREWORD

The papers are included in each author's original form and

have not been edited in order to expedite their distribution. This
post print has been published in limited numbers for the conven-
ience of the conferees and to provide maximum useifulness of the

information presented at the conference.
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 RESPONSE TO QUESTIONNAIRE

The following is an abridged collection of comments made by
attendees of the conference. Only 25 percent of the attendees responded
by completing the written questionnaires and thus the opinions expressed
were not necessarily those of the majority. Be that as it may, some
of the more interesting comments, both pro and con, are included here
as follows:

Materials people did too much listening, not enough talking.

Some people did not care for the display of equipment by indi-
viduals of several companies. They felt it was commercial and should .
not have been permitted. Others felt that these displays were construc-
tive and served some useful purpose in a non-commercial vein,

One person felt that one paper on the Fokker Bond Tester was
enough, instead of the four that were presented. It should be noted,
however, that each paper was quite different in content though dealing
gererally with an identical subject technique.

It was suggested that there be a session eatitled ""A /Other
Discipline(s) Look(s) at NDT",

. An attempt should be made to interrelate with ASTM Committee
D-5.

The methodical adherence to schedule was appreciated and
novel to other conferences attended.

Show movies when available.

Emphasize more NDT in terms of performance properties. Less
emphasis on flaws and defects unless defined in terms of performance.

Perhaps a few papers by designers with respect to NDT,

Fewer talks about off-the-shelf instruments.

More panel discussion, please, especially for the speakers.
Many of them don't see the woods for the trees in front of them.
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We needed some commente on what makes a strong or a weak
adhesive bond.

L)

hiid

IR

— e ot e 3 st




WIS el Ss Ll 300

Speakers should state both the advantage and limitations of the
techniques they discuss, Other factors to be discussed should include:

1. Suitability for production

2. Suitability for complex as well as simple shapes

3. Cost of equipment and time rrquired to train operators to
handle it properly

4. General availability of equipment

Suggestion for a paper: ''Laboratory vs. Service and Relation
of NDT Evaluation" (Technical Paper)

There is often a lot of duplication of effort in research, It
should be ccordinated to eliminate this problemn.
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SYSTEMS APPLICATIORS FOR NDT

by Wm. C. Riley
Director, Meterials Sciences Laboratory

Aerospace Corporation

Is there a need for NDT of plastic and composite structures?
From the systems point of view, the need is not for NDT, but rather
for rondestructive evaluation (NDE). The distinction bvetween NDT and
NDE is of extreme importance., Evaluation implies that a correlation
Las been made between those parameters that can be determined by NOT
and the performance of the component in the enviromment of the system,
Further, it is the lack of convincing correlstions that deters the use
of NDT in some systems.

By way of illustration, consider some of the problems encountered
in utilizing NDT in launch vehicle, satellite, and reentry systems. In

each example, the effect of the lack of such correlations will bé obvi-- - -

ous. Also, suggestions will be made for promoting more effective utiliza-
tion of NDT in future systems, Security classification and proprietary
rights preclude reference to specific systems,

In racent years, systems engineers have often been critized by the
R&D community for not teking advantage of the more sophisticated NDT
techniques that are available, I believe that the major bvarrier to
utilizing these techniques is the fact that the systems engineer is not
convinced that the correlation between the results from advanced NDT teche
niques and the component performance in the system environment, is an
adequate basis fcr acceptance or rejection of components. In short, he
doesn't believe that NDE has been established. He is perfectly willing
to buy improved reliability, but he simply isn't sure he's getting it
from RDT.
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Part of the prodblem is that the usefulness of NDT frequently must
be established during the course of system design or while the feasibility
of the system is being established. Each system has some conditions
unique unto itself, to which the structures and materisls will be subjected.
Frequently these conditions are not clearly delineated until the systenm is
well into the development phase, This is particularly true of mechanical
stress and temperature conditions that can vary widely depending on the
particular missions to be flown., As a consequence, timing and planning
are extremely critical and limiting factors in establishing appropriate
NDT methods and the necessary correlation with performence,

Another major constraint is the system design. If, for example,
weight is critical, then structural members may be designed with very
linited safety margins. Thus, nondestructive evaluation must be geared
to both the particular conditions that the component must withstand in
service and constraints imposed by the design.

Other factors deterring utilization of KDT may be financial or
psychological in nature., To obtain a good correlation between RDT re-
sults and performunce of a component in a simulsted enviromment, it may
be necessary to test hardware with a broad range of defects. Convincing
a systems engineer or program manager that a large number of components
are to be constructed and tested to failure may be a major task in itself,
Fornetheless, more often than not, there is no other way to adequately
establish NDE.

In this regard, there is an ever increasing emphasis on "cost
effectiveness without sacrifice of reliasbility," particularly in advanced
aerospace systems. When interpreted relative to FDT, this means that it
is not feasible to eliminate 1000 expensive components of a given type
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vhen only one of these might fail in the system environment. Ultimately, the

cost of rejecting components that would perform satisfactorily, and in some
cases the time lost in replacing them, must be balanced against the cost of
optimizing the correlation between NDT observations and performance in the
simlated service environment.
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An extrems example of the problems in applying NDT is in the
ballistic reentry systems, where plastic composites are required for
thermal protection, Probably more plastic composite materials have been
used in these systems than in any other class of systems. For some ballistic
trajectories, the conditions epcountered in flight cenmot be reproduced in
ground testing. Both the enthalpy and the heating rate can be achieved in
different facilities, but the synergistic effects cannot be found in any
ground test presently available. Thus, expensive flight tests would be
required to obtain an exact correlation between the defects measurable
by NDT and the performance of the system or component. NDT has been used
to discover cracks, gross delaminations, and voids in reentry system com-
ponents. However, use of this information seems to be leigely a matter
of judgerment, For example, in & given component, the detection of delamina-
tions in one production unit may not in itself indicate an incipient failure;
but it does mean that the processing conditions for this particular unit
were out of control and not as specified. In the delaminated component,
important properties not measured by NDT may be adversely affected., For
this reason, the component may be re,jecte;l.

The impact of NDT or lack thereof on materials selection for lsunch
vehicle systems can be illustrated by a problem in a payload protection
fairing, Originally, weight considerations indicated the use of a rein-
forced-plastic adhesive~bonded honeycomb sandwich structure, However,
mmerous structural problems were encountered leading to a review of the
quality control procedures; this revealed that the soundness of the adhe-
sive bond was determined by nothing more than "coin tapping" and an educated -«
ear, Ultimately, program management decided to make a change and the plastic
fairing was replaced by an aluminum alloy construction. The major reason for
this change-over was the inadequacy of the NDT technique. The cost of this
change was high, not only in dollars, but through time delays in subsequent
launches., The change-over probably could have been averted had the need
for more sophisticated NDT of the plastic composite been foreseen at the
time the originel design was initiated. This illustrates an important




point relative to the use of reinforced plastics and composites in
aerospace systems, To date, design and systems engineers are inclined to
have a great deal more confidence in metals, In fact, at the time of the
substitution of aluminum for the fairing, one of the cognizant systems
people stated: "We have had nothing but trouble with plastics and com-
posites;" and piously, added: "The Good Iord gave us metals to use in
structures." I believe that before we see general usage of plastic come
posite materials in advanced systems, we will have to show design and
systems engineers that NDT techniques are available and can be readily
adapted to the particular nondestructive evaluation needs of their system,

A more hopeful note ... A milestone in the use of plastic composites
in satellite systems was attained recently when a defense satellite wvas
launched with an adhesive-bonded reinforced-plastic honeycomd sandwich
construction as & primary load-carrying structure. This structure also
served to mount the solar cells necessary for powering electronic equip-
ment vhen in orbit. In particular, the aft solar panel structure was
required to support the full launch loadings for the entire satellite,
Failure of this structure would cause loss of the entire satellite and
the mission. This was the first satellite system of the USAF Space and
Missile Systems Organization to use reinforced plastics as major struce
tural menmbers, .

There was deep concern about this concept. In the interest of
weight savings, the structure had to be designed with & minimm of redun-
dancy and quite limited safety margins. But even more scrious - the only
NI inspection was visual examinstion and limited "coin tapping.”
tere is another instance in which, because of short planning and schedule-
ing time, there hsd been no adaptation of the more sophisticated NDT
techniques to the particular needs of this system. Nonetheless, the
launch was successful and the particular contractor involved plans to use
& similar type of structural member on other satellite systems that are
now in the systems design and planning stage. To his great credit, he
is contimuing studies to adapt more sophisticated NDT to the evaluation
of structural reinforced plastics,
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How can we more effectively utilize NDT in future systems? First,
I think it goes without saying that additional funds ave needed for re=-
search and development on NDT methods. Indeed, from what I have seen,
this appears to be coming about. There remains the basic question,
of course, whether or not the funding is commensurate with the future
requirements for NDT, For some time now, the Materials Advisory Board
has had a committee consisting of some of the outstanding scientific
and engineering personnel in the field making an in-depth study of this
very vital question. Their recommendations, which will be published soon,
probably will have a strong effect on future funding levels, Secondly,
as the new advanced systems come to the proposal stage, the potential
contractors should be required to present in their proposals, criteria
for hardware acceptance with emphasis on NDT. In fact, the response
to this question might well be one of the evaluation criteria upon vhich
contractor selection is based. Requirements for nondestructive evalua=-
tion, specified in the RFP, should be psrticularly effective in stimula-
ting appropriate contractor activities., Thirdly, as Indicated above,
funds must be appropriated within the system contracts for adaptation
of available NDT techniques to hardware evaluation, taking into account
conditions unique to that system and the particuiar component design,
In this regard, NDT must be coupled with the design, and should influence
but not tompromise it, )
Pinally, as outstanding work in the adaptation of RDT to systems'
problems is accomplished, it is important that t_his information be brought
to the attertion of system designers and systems engineers, Failures are
always publicized; successes seldom are. Symposi‘a and conferences on NDT
can be a vital part of this educational process. I only hope that design
personnel and systems decision-mekers will be present et such meetings
and thus become directly aware of the impact this technology can meke on
the capability and reliability of future systems.
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ABSTRACT

This paper is s short survey of the state~-of-the-art of the
nordestructive testing of filamentary reinforced composite materials,
with special refersnce to plastic matrices, The area is surveyed from
the point of view of property/imperfection/NDT method interactions for
the materials inwolved in these composites. Interpretation of such
interactions are limited by our understanding of the mechanics of
composite materials, the. property variations of the composite constitu-
ents and the variations introduced into composites during manufacture.
Such limitations seem to Le at present more of a challenge than the
uctual developments of NDT methods, with better defect detecting ability.
Existing methods seem to have reached a state where their resolution is
better than our ability to interpret signals in terms of effects on
properties, It appears that the most promising direction for future
developments of NUT methods is towards the development of methods directly
related to composite properties.
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The ancient Britons put straw into the mud walls of their wattle
huts to keep out the wolves., We keep the wolves out of plastics by
reinforcing the plastic with filaments. The rapid rise of output of
these materials is quite staggering. In 19671 it was predicted that
by 1975 a production of 860 million pcunds would be reached. Recently
the SPI reported the shipments for 1968 as 760 million pounds and fore-
casts almost a billion pounds for 1969. The aerospace industry uses
about 8% of all reinforced plastic, the major share, accounting for about -
25% of the total is used by the marine industry. N

2

L

In addition to plastic composites reinforced with filaments, a whole
Liost of other composites is available., Best kmown is probably the rubber
filament composite used to drive automobiles on. Reliability here is
achieved by manufacturing practice improvements following field tests and
the common nondestructive test applied by the user seems to be a kick with
the boot. However, the inspection of aircraft tires has received con-
siderably more attention. Metal matrix composites are well into the
prototype stage, both as material for structural members and for engine
parts. Finally, ceramic matrix composites have entered the experimental
stage., In all cases of composites, reinforcement can be effected by
parallel filaments, two or three dimensionally woven filaments and short
fibers or whiskers and flakes.

It is the aerospace usage of this deluge of plastic matrix composites
which concerns us here. Aerospace parts are characterized by the fact
tbat they generally have to act as load carrying members - in addition to
any other functions -~ and that they have %o carry those loads with a much
higher reliability than is required by other industries. Now, there are
two ‘approaches by which we can use NDT methods to give us the raquired
reliability 'assurance. Either we can use NDT methods to determine local
defects or imperfections deviating from a standard known to have acceptable
properties and then correlate those deviations with changes in properties,
or we can measure deviations from desired properties directly., In the cage
of homogeneous materials, the effects of local defects or imperfections are,
relatively speaking, reasonsbly well understood. There the inspector hound-
ing his holes or cracks has a well established niche. However, in the case
of composites, the hounder of holes is on much less sure ground. The
Teason is that the effect of holes, of voids, of debonds and cracks, is
so much less understood in the complex micromechanics of a composite
material than in homogeneous materiels. A further reason is the fact that
plastice are relatively unstable materials. A composite structure may be
perfect when it leaves the shop, but will it be perfect after 5 years
service? More important, will it then have the same properties which the
designer expected and the inspector checked? The need for NDT methods
relating to properties rather than defects or imperfections is therefore
much more acute in the case of composites than in the case of homogeneous
materials., It is most gratifying that this need sppears to have been
recognized by & much wider range of speakers here thar in usually the case
in NDT symposia.
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To give a state-of-the-art review just prior to such a conference is
just asking for trouble. Because, generally, what we read is an acecount
published six months ago of results obtained 1-1/2 years ago by carrying
out experiments conceived four years ago., And this is an optimistic view.
T = { What I shall try is
to identify the different NDT approaches in their relation to the material
with the intention of helping assess their relative usefulness and, hope-
fully, stimulate further and new developments,

Let us first consider some properties of the raw materials of our
plastic composites. The plastic is the result of a polymerization
reaction, which is not necessarily finished with the process cure. The
reaction is affected by environmental factors, such as moisture and
temperature, and can therefore produce a variety of mechanical and
physical properties. However, e certain property value is not always
uniquely connected to a certain stage of the reaction. Let me give you
some exampies of these reaction/effect interactions, Figure 1 is the
change of electric resistivity of am epoxy with time at different tempera-
tures 3 and figure 2 shows the changes in the dissipation factor over a
longer time range."" Both graphs indicate that if we wish to utilize
electric conductivity or dissipation factor measurements as a nondestruc-
tive measure of the cure state, both the exact material and the cure time
and temperature will have to be standardized. Polymerization is affected
by radiation, although, as figure 3 shows, radiation exposures of about
106 -1 roentgens are required for sizeable effect.> Now, for instance,
a 1 curie source of cobalt 60 produces a radiation exposure of ,136 x 105
roentgens at a distance of one centimeter, Cobalt 60 of course produces
hard rediation in the MeV range, whereas the soft radiation from smaller
industrial X-ray units is absorbed much more rapidly in air. However, the
example indicates the need for considering the actual intensity at the
specimen in the -case of radiography.

Radiography has been applied widely to 'che inspection of composites.
In the case of boron filaments, single filaments even in multilayer com-
posites can generally be observed under routine conditions. Even higher
resolution can be obtained using microradiographic or neutron readiographic
techniques. The reason is the high opacity of the tungsten core of toron
to X-rays or of the boron itself to neutrons, as compared to the opacity of
the matrix. Now, in the case of plastic/glass filament or plastic/carbon
filament the differences in opacity, i.e. the differences in the attenua-
tion coefficients, of the constituents is very much less, Nevertheless,
the numerous radiogrephs made of such materials indicate relatively gross
imperfections in filsment alignmert, as well as other imperfections such
as voids. Investigators generally report that the lower the radiation
energy, the better the result. MNaturally, we wish to optimize radiography
parsmeters in order to obtain the maximum resolutions of either filament
or of voids, The ratio of the incident intensity I, to the transmitted
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intensity Iy is given by
Ia/Io = -exp( ;pd )

where M is the mass attenuation coefficient, # the density and d
the thickness penetrated. For a three component system, the total mass
attenuation coefficient[u/e], is given by

~
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where the subscripts m, f and a refer to the matrix material, the filament
materizl and to the gas filling the voids.

As a first approximation, we can equate the thicknesses with the
volume fractions of the three components. Now, if we knew the mass attenu-
ation coefficients, which are a function of the radiation energy, optimum
parameters can be selacted. Figure 4 shows mass attenuation coefficients
for air and carbon,6 together with mass attenuation coefficients for some
plastic polymers calculated from their stochiometric composition. The
value marked X has been obtained by calculation from more general deta
given by Zurbrick 7 for a 65% glass filament plastic composite. The values
calculated for epoxy and polyimides are so close as to fall in a single
curve., Contrast depends on the difference in mass attenuation coefficients
and these differences for various composite combinations have been plotted
in figure 5. Bearing in mind the logarithmic relationship between the mass
attenuation coefficient and the incident and transmitted intensity, a
difference in the mass attenuation coefficient of 0.1 indicates an absorp-
tion of about 10% for unit density and thickness., Figure 5 shows, that up
to about 40 keV reasonable contrasts can be obtained between silica fila-
ments or air bubbles and plastics. However, the position is going to be
more critical when the newly developed carbon filaments will come into use.
Here much lower X-ray energies will have to be employed if reasonsble
contrast is the goal of radiography. Admittedly, the above two figures
make two assumptions: that thickness effects of the various phases is equal
to their volume fraction and that mass attenuation coefficients are addi-
tive for low energies. The validity of these assumptions will have to be
determined_experimentally. An interesting approach has been proposed by
Hagemaier,8 who suggested the addition of opacifiers to the plastic matrix,
such as aptimony trioxide, which do not seem to affect the mechanical
properties.
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In the case of filaments, examination of batches have showm a wide
scatter of properties such as the fracture strength, prior to fabrica-
tion. Jn plastic composites; relativaly little process or service
effects have been observed oa tho filament strength, but we sre all
familiar with the matrix/filament interaction problems in matel matriz
composites. If we combine this strength variation with the observed
variations in filament packing volume over smell distances and local
changes in the matrix behavior, we arrive &t the everpresent resolution
problem. What is the smallest unit of structure area or volume which our
NDT method has to resolve? The obvious answer, that this uni% should be
the smallest area or volume, which, if imperfect, would jeopardize the
ebility of the entire structure to fulfil its mission. Simple as that
answer is, in practice it is very rarely obtained. The reasons asem tc
be principally our basic lack of kmowledge of material “shevior around
imperfections, particularly in composites and the fact that the affect
of imperfections is not only a function of the material, but &lso of its

- application, including its macro and micro stress state within the
stmeture. Of the two approaches available to provide au answer, the
empirical approach may yield a result for a single type of structurs,
material and application, which can rarely be extrapolated, The otner
approach, a systematic analysis is in the case of ecomposites, usually
very complex,
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By way of example, let us consider the protlem of broken filaments.
Hedgepeth,9 assuming a composite model where parallel filaments, arranged
in a single layer, carry all the tensile load and the matrix serves only
to transwit shear, has calculated both the static stress concentration
factor and the dynamic response factor when 1, 2, 3..... adjecent filament.
break. His analytical results are shown in figure 6, Ths dynamic response
factor which is the ratio between the maximum stress after sudden fracture
to static stress of a given number of filaments, has a limit vealue of 1.27.
However, the static stress increases ilocally more rapidly as increasing )
numbers of filaments break. In the Hedgepeth composite a single broken
filament would increase the stress on its neighbor bty 33%, leaving that
filament in effect with a losd carrying capacity ol only 75% its original
strength, If the overall loads on ths composite never exceed that 75%
limit, no further demage is done, However, if that 75% load is exceeded,
the next filament snaps, which not only increasess the stress comcsntration
on the third filament statically, but also dynamically, That third fila-
ment under these conditions can carry only 1/(1.6 x 1.15) = .5% or 54% its
original load, The crack is thus progressive.

& wslone el

by,

In real composites, several factors reduce this effect, The first is
the limited shear strength of the matrix and the second the fact that fila-
ments are not arrayed in a single layer, but are clously packed. The
increased siress due to 2 single filement failing is thus teken up by,
ideally six neighbors and is in any case limited by tLe shear strength of
the plastic. Furthermore, plastic composite structures gemerally use
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preimpregnated bundles of filaments in their fabrication. No analysis in-
volving these factors appears to have been carried out, However, such an
analysis would give us some idea of the number of neighboring filament
breaks which are critical for any given composite. That some proceass of
the {ype given by Hedgapeth occurs in practice seems indicated by the
general esperisnce that composites with about 50% filaments with a nominal
strangth of 400,000 psi or better fail at about 190,000 psi.

Evan less is known about the effects of delaminations on properties.
Here, tuo, the effects are e&s much a function of the location of the
deiaminating within the stress pattern of the structure as of its size,
Present QC requirsments for "a structure substantially free from delamins-
tions" mey cause overinspection in some cases and yet miss importsnt stress
corcentrating delaminations in others, because the minimm limit of detecta-
ble delamination is somewhere around 1/4 inch, though smaller delaminations
can be detected with dye penetrants, if these delaminations intersect the
surface.

Some idsa of the importance of delaminations can be obtained from a
simple elastic analysis of a basic structure such as a beam, as shown in
figure 7. Corsider the heam mede up of elements of reinforced plastic, as
shown, with a delamination at level x. At the vertical cross section
through the beam at the affected zone we have in fact two beams, one with
depth ‘x' and wother with depth *(d-x)!. The section modulus of the beam
-withort the delamination is db2/6. The section modulus of the beam with
the delamination is

bd2/6- x(d-x) 3

The modulus of ithe damaged section is symmetrical about the center plane
and & maximm if the delamination is at this plane. That maximum modulus
at x =d/2 is bd2/12 or one half the undamaged modulus. If the delamina-
tion occurs near the upper or lower surtace, its effect is much less, The
total effect on the load carrying ability of the beam will depend on the
position of the deiamiration along the length of the beam i.e. its posi-
tion respective to the bending moments. In the cantilever besm shown a
delamination at the point of -support in the center of the beam would halve
the load carrring ability-of the structure, 4 delamination at the free
end, of course, is immaterisl,

Those two exampies indicate the complexity of defect characterization
in terms of properties. 5o let's measure properties directly. There are
two types of properties which we shall cunsider here. One is the actual
strength of a composite, the other a service modulus, which may or may
not be tre elastic modulus. In the case of metals, there is no relatiocn
betwaen these two types of properties, However, in the case of plastics
the degree of cross linksge and chain lengths appears to affect both
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modulus and strength. An example of this relationship will be given
later during this conference by Mr. Moore. However, in a composite the
properties of the plastic matrix affect the properties of the composite
to an approximate proportionate extent only, sc that, generally, modulus
measurements in a composite are not gemerally indicative of strength.

Two approaches have been found successful for the measurement of
elastic moduli, The first is the measurement of ultrasonic velocity,
which has to be corrected for density variations, at least in plastic
matrix composites. As figure 8 shows, the relationship for metal matrix
composites appears to be more direct. 10 In the case of plastic composites,
Zurbrick! has shown good correlation of modulus with an acoustic velocity/
density ratio. The other approach is by means of vibrational methods of
much lower frequency and measurement of peaks and shifts of peaks indica-
tive of rescrant frequenciea., This frsquency is a function of both the
elastic moduii and also of ithe geometry, so thut for the varying geometry
of various filsment densities, for instance, a correcting factor must de
introduced. That factor could, quite conveniently, be the density. The
measurement of resonant frequency in variety of modes for the measurement
of defects and dimensioral geometry has been worked out by Draperll and
has been applied tc the inspection of complete plastic composite engine
shrouds,

Vibrational methods depend on the availability of a wide spectrum
exciter and vibration measuremont device. The latter is less of a prob-
lem than the first. Capacitance microphones, optical systems and pressure
sensitive transducers as well as more sophisticated methods such as the
use of the Moessbauer effect or holography give a wide range of amplitudes
and frequencies which cem be scanned. Pirsctly coupled drives such as tapping
with the half dollar are slso available for a wide range of frequencies but
generally complicate accurate measurements, Noncoupling drivers are pre-
ferred, For system incorporating a metal, eddy current drives are suitable,
and & supersonic nozzle and siren arrangement hss been checked out for non-
metals, but further development is required.

The development of direct methods for the determination of strength
is desirable not only from the point of view of an initial inspection,
but alao because of the intrinsically umstable properties of plastics,
varticularly under the influsnce of high stresses and elevated tempera-
tures. Long term effects may be quite prorounced. Figure 9 shows the
effects of exposure on tensile and interlaminste shear strength and indi-
cates also the problem of extrapolating from one property measurement
(here the tensile strength) to another apparently similar property (here
‘the interlaminate shear strength).
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Three roads to strength measurement appear, to me, to be open. One
is the determination of, filament density and void content, which for s
given composite, does theoretically correiate with strength. A number
of methods and combination of methods have been shown to be feasible for
these measurements, such as radiography, microwaves, or ultrasonic
velocity measurement. However, comprehensive correlations seem to be
lacking, Several possible explamations for this lack of data appear
feasible. For one assumption, that of "a given composite", in practice
involves variables rather than a constant., Another explanation is that
the destructive determination of composite strength is not without prob-
lems, even for simple shapes, and considerable spread of results has
been obtained for allegedly similar composite specimens. Then there is
the already mentioned resolution problem: was the nondestructively
inspected area actually the same as the destructively inspected area?

The other road to strength determination is the measurement of
damping. Now, the damping factor is the ratio of the energy absorbed
per cycle of deformation to the total energy input per cycle, Attempts
to correlate the strength of plastic composites with the damping or
attenuation of ultrasound were reported as early as 1961 by Hastings,
LoPilato and Lynworth 12, They claim a correlation to within about
500 psi, equivalent to about 15%, but mention one of the major problems
in using ultrasonic attenuation measurements: that of coupling between
transducer and test part. Generally, that coupling has to be of a far
higher standard than can be attained under industrial conditions to
obtain repeatable and reliable results. Damping measursments at lower
frequencies of vibration seem to be more promising. . Again, if we knew
more about the micromechanics of composites we could, select optimum
frequencies. The damping coefficient is given by the relationship

LA
2
l+o'T 7,

where W is the frequency and 7T and T, are the relaxation times
for stress at constant strain and for strain at constant stress respective-
ly. The equation peaks at wlrt 7, 1 and a frequency versus loss factor
graph indicates a number of characteristic peaks, which can be associated
ith specific phenomena. Some of those peaks have been empirically de-
termined and correlation with adhssive strength will bs shown later. We

are presently attempting to find strength related frequency peaks for m
metal matrix composites.
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. In order to obtain reliasbie and repeatable results from vibra-
tionsl methods, u number of factors must be borne in mind very clearly.
First, resonant frequencies of structures are geometry dependent, which
includes any clamping or constraints on the structure. Only rarely can
such clamping be assumed to be rigid. Furthermore, changes in section,
faying surfaces etc. will produce chenges in resonent fregquencies also
in adjacent parts and this distance effect must be evaluated. Seconi,
the fact that damping can be stress dependent must be cousidered. If
such stress dependency exists over the test stress, then the variation
in stress over the cross section under test loading must be considered.
For instance in bending this stress varies from.a maximum tensile stress
to zero to a maximum compressive stress. Correction integrals are avail-
able from most vibration handbooks. Third, the nature of relaxation time
must be understood., Relaxation time can be related to an activation
energy and the temperature by an exponential relationship. The activation
energy will determine the relative effects of temperature variations on
relaxation time and hence on damping. This energy appears to vary ‘both
for the type of plastic and also its cure state,

Finally, a measurement of the plastic related part of the composite
strength may be obtained by measurement of chemical bond related factors
of the plastic. Methods studied include nuclear magnetic resonance, 13
Both studies of the polymerization process and studies on tracers embedded
in the plastic have been carried out. Instrumentation limitations and
lack of gensitivity in tracers seem to limit these methods at present to
the laboratory.

The real advantage of property related NDT methods over defect
related NDT methods lies in the fact that such property related methods
could be utilized for & much broader field than the inspection of products.
Such methods could become part of the actual production cycle and be used
to control processing parameters to fabricate products known to conform to
a desired standard. Vibration methods, for instance, could be used during
the cure cycle and control through suitable feedback loops to actual cure
processing, amplifying or even, eventually, replacing parametric conmtrol.

We have been dealing here with the interaction of two areas, both
of vhich are in a state of rapid flux and growth: composites and NDT.
It is therefore not surprising that the sbove comments are studded with
n"feasible", and "promising" and"somebody should". The first two are
characteristic of our optimism, that there is a better way. The latter
is a measure of our personal involvement with the problems and the hope
that we ourselves might be part of that search for a better way.
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ABSTRACT

The subject of this paper is to describe the technique of TRW
Acousto-Optical Imaging and its application to non-destructive testing.
During the last few years interest in the area of non-destructive testing
has greatly increased. This has been due to the fact that it is no longer
sufficient o koow whether or not a flaw exists in a material but also
one now needs to know the location of the flaw and its dimensions in the
test specimen. Current techniques, while being able to serve in the former
capacity, are lacking in the latter.

A new technique, termed Acousto-Optical Imaging, is described
whereby the information contsined in the distorted acoustic wavefronts
which have traveled through a body can be made into a visual image by
its interaction with light (Bragg Reflection). The theory of Acousto-
Optical Imaging is presented describing the Bragg Reflection phenomenon
and the analytical equations which govern the characteristics of the
system derived. -

Also included in this report are the results of several tests
performed on metal and metal-plastic composite samples which conclu-
sively establish the capability of TRW Acousto-Optical Imaging to
determine the existence of a flaw as well as its size. This technique
has an advantage over other techniques in that it provides a real time
visual image of flaws contained in the interior of a body either optically
transparent or optically opaque. Since a visual image can be made to
project onto a viewing screen one may record this image in various ways—
most notably on cenventional photographic film. This then allows one to
monitor the image in either real time or at his leisure.

Since this technique uses only acoustic waves and light waves there
is no danger to human personnel as with x-ray techniques.
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INTRODUCTION AND SUMMARY

The detection and identification of flaws, such as cracks and
inclusions in structural members can sometimes present insurmountable
problems to manufacturers and quality assurance personnel. For some
products, such as helicopter blades, jet engine turbine blades and
critical welds in submarines, the detection and identification of these
flaws may well be a matter of life and death. There are many non-
destructive testing techniques presently employed throughout industry
to detect defective products. Well known among these are x-ray
techniques and ultrasonic methods. As is the case with other NDT
techniques, these two methods have limited use. In the case of x-rays,
the information recorded is essentially a measure of the amount of
x-ray energy absorbed or scattered by the material as the x-rays passed
through its thickness. Hence, for a very narrow crack, very little
X-ray energy may be absorbed, thus allcowing the crack to go undetected.
While it may sometimes be passible to deduce information regarding the
width of an internal flaw by x-rays, no information related to its depth
is obtained. In conventional echo ultrasonics one relies on the acoustic
reflective properties of flaws to obtain information; generally, depth
information may be obtained but not size. For both techniques, of
course, well trained observers are required and still the results of a
testing program are quite subjective.

In this paper, the results of applying a technique which may be
used to provide a three-dimensional image of the interior of an optically
opaque but at least partially acoustically transparent body is presented.
This technique, is termed Acousto-Optical Imaging.

To use this technique, in a conventional sense, one transmits ultra-
sonic waves through the material to be tested. Due to the inhomogeneities
in the material, thege waves, as they propagate through the medium,
undergo absorpcion and scattering resulting in an alteration of their
wave fronts. The sound waves which do emerge from the body are then made
to interact with a beam of monochromatic light in a coupling medium
(usually water). This interaction causes the light wave to undergo a
frequency modulation resulting in a series of optical sidebands. By
optically processing any one of these sidebands, a visual two-dimensional
image of the interior of the object is produced on a viewing screen. The
advantages of this technique over other non-destructive methods lie in
its ability to afford visual images of flaws in real -Ime. Thus size as
well as depth information may readily be obtained.
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The interaction of light and sound was postulated in 1922 by
Brillouin.l He reasoned that since a train of acoustic waves represented
cyclic regions of relative compression and relief a situation very
similar to a common optical diffraction grating wculd exist. Perhaps
due to the lack of proper instrumentation, experimental verification did
3 not occur until 1932 vhen Sears and Debye? gucceeded in demonstrating the
= phenomenon. The immediate applications of Brillouin scattering, as the
phenomenon has become known, lie in the area of determining the elastic
3 properties of liquid materials. Many research papers (e.g. Ref. 3) were
4 written relating criticel parameters such as acoustic power demsity, the
amplitude and wave length of light, and of more concern to us here, the
angle at which the light wave interacts with the acoustic waves and the
distance over which the light and sound waves interact. Ve will see
that these two parameters have a pronounced effect on Acousto-Optical

Taaging. :

Interaction of Light and Sound

In order to fully describe the interaction of light with sound, cne :
must understand the mechanical properties of sound. Simply stated, a
train of sound waves is comprised of cyclic regions of relative compression 3
and relief. Over the distance of one acoustic wave length, A, the material :
supporting the acoustic wave experiences a change of pressure, P, density,

p, and index of refraction, n, xanging from a maximum to a minimum and
back again to a.maxiamum as depicted in Figure 1 for a plane acoustic wave.
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Figure 1. Pressure, density ard index of refraction
distribution as a function of position for a
plane acoustic wave train of wave length A.

1. Sears-Debye Condition

Consider now a set of plane monochromatic light waves impacting
a acoustic column of width, d. Since the velocity of light, ¢. depends
on the index of refraction of the medium in which it is propagating
according to

c = (1

where ¢, is the speed of light in vacuo, and n the index of refraction,
the light will experience a time delay and a phase shift as it propagates
through the acoustic wave column. As a consequence of the refraction
being a function cf position in the acousti¢ wave train and the fact

that the acoustic wave is moving, each point in the material experiences
a cyclic rime variation of its index of refraction. As a result, the
incident light becomes modulated in phase and also in frequency. It can
be shown that if the acoustic column is sufficiently narrow, a carrier
wave having the frequency of the incident light and a set of sidebands
will emerge from the acoustic column as depicted in Pigure 2.
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Figure 2. The Creation of Sidebands Caused by Frequency Modulation
on Incident Plane Light Wave by a Plane Acoustic Wave
Traia.

The phrase "sufficiently narrow" wac used above to describe the
j width of the acoustic colusn. The reason for this lies in the fact that
the incident light breake up into its sidebands immedistely upon encering
the acoustic column and begins to diverge angularly from the carrier.
It may then travel through parts of the wave front having different
indices of refrsction. As a result, destructive interference may occur
and the intensity of these bands will be greatly reduced. It is possible
to use the interference phenomenon to our advantage by simply impacting
the acoustic column with light waves at a properly chosen angle so
constructive interference will occur.

A5 iy

2. Bragg Reflection

To describe conetructive interference we n:ed to consider Bragg
reflection. Bragg's law expresses the condition under which a crystal
or any diffraction grating will reflect an incident wave with maximum
intensity. Mathematically, the condition is expressed as

R et g

g

Ni
sin 0, = o #))

where

T R N PR

6B = Bragg angle

N = integer

D = grating spacing
A = wave length of incident wave




Physically, this condition insures that parts of the wavefront which
reflect from different strata of the grating are in phase when they re-
combine. Figure 3 shows schematically the Bragg reflection process when
A is the grating spacing.

Emerging
Incident Reinforced
Wave Wave

Optical

ptical
eﬁ\g\

Acoustic
Wavefront

Figure 3. 3Bragg Condition for Constructive Interference

3 As seen in the Figure, the path length difference of the wave which reflects
E from the top stratum, and the second stratum is NA. This insures con-

3 : structive interference when these waves recombine. Bragg reflection, as

3 described here, is the basis for acousto—optical imaging.
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ACOUSTC~OPTICAL IMAGING

Consider a point source of sound, S, from which single frequency
acoustic waves are emanating and also a point source of light, 0, from
which monochromatic light waves are emanating. In the region where the
spherical wave fronts of light and sound satisfy the Bragg equation,
sin 8g = A/(2A), maximum reinforcement will occur. If one then traces
back these diffracted rays, one finds that they intersect at a single point.
Mathematically, this condition is identical to there being a new spherical
wave emanating from a point 0', This point at 0' is then considered toc be
the virtual image of the scund source, S. Figure 4 depicts this situation
for N = 1, Three propagation vectors (») are shown leaving the light source,
0, which interact with three propagation vectors (€+) which emanate from
the sound source, S, at the Bragg angle 6g. At these points, diffracted
light rays (~*) are created which when traced back (- - -) intersect at

a. common point, 0'.
'y

Acousto-Optical Imaging of a Sound Source, S, by

Figure 4.
a Light Source 0, to Produce a Virtual Image O'
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0f course if there were more than one sound source, say Sl, Sz,

yeee, then multiple images, 0!, 0}, 0),... will be created. Reference
4 shows that a magnification, M, given “by

g3

A
M= X+ (3)

will result. ir example, if sound sound sources S1 and S2 were separated
by a distance stg2 , then their images will be separated by a distance

A/A 8182, This concept may be generallzed to a body merely by considering H
the body to be made up of many "point” sources, each giving rise to an ¢
image. The sum of these images will represent a three-dimensional image
of the object.

Mosenat, Srams e

Figure 5 shows a typical laboratory setup used for TRW Acousto-Cptical
Imaging. An object is placed in a tank containing a good acoustic wave
transmitter, usually water., This we will refer to as a wave coupler or
Bragg Cell. Attached to the bottom of the tank is a tramsducer which
generates acoustic waves when excited by a generator. These waves pass
through the object and in so doing "excite" every point of the object.
These points then in turn also act as sound sources. As a result, sound
waves which are a superposition of all the point sound sources within the
object are emitted from the object.

Using a proper monochromatic light source, e.g., a laser, one may
induce Bragg reflection from each of these waves thereby obtaining an
image of every point of the object.

MRyttt Optics

A~ Visual Image
Light * > e gy of object
Source S -

PNINSNS NSNS

Acoustic waves which
<::::)"\\\\ contain information
S~ abort the object.
O“ject

Wave Coupler

(Bragg Cell) Iransducer

Undistorted Acoustic Waves
(Reflected waves not shown)

Generator

Figure 5. Acousto-Optical Imaging of a Solid Body Which is at
Least Partially Transparent to Sound
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As is shown in Figure 5, a three-dimensional image cf the object is
visually displayed. The object’s image undergoes magnification according
to M = A/A. By using proper cptics, one may view the object by focusing
on various planes of the image and also induce desired magnification or
demagnifications,

The resolution of the acousto-optical images is on the order of the
wavelength of the sound source In the media, wherein the light and sound :
interact. Since .

v
A=< (4)

where
Y = velocity of sound in the coupling media
£ = frequency of sound (cps)

it is advantageous to use ultrasonic waves for high resolution.

EXPERIMENTAL RESULTS

The results of two non-destructive testing experiments using the
apparatus as shown in FPigure will be discussed in this section. The
first experiment was performed on a 6" x 1" x 1/4" prismatic beam having
a surface crack extending across its width. The second experiment involves
a laminated aluminum-plastic structure containing debonded areas,

Rectangular Beam ~ Crack Detection

The specimen was cut from a 1/4"s thick sheet of 6061-T6 aluminum
stock. A jewelers' saw was used to saw a 1/4" cut into the two edges.
Next, a weight was attached to one end of the beam and placed on a shaker
8o as to vibrate the beam in its fundamental mode. As a result, a surface
fatigue crack was formed across the width of the beam coanecting the two
saw cuts. The saw cuts were then cut from the specimern. Figure 6 is a
photograph taken of the specimen containing the saw cuts and the crack.

Figure 6. Beam Specimen Containing a Surface Crack Across Its
Width




Figure 7 shows a series of three photographs. The first one was taken of
the viewing screen with the apparatus turned on but no object placed in
the Bragg cell. Essentially it represents an image of the transducer.

The second photograph was taken of the viewing screen when a portion of
rectangular beam which did not contain the crack was placed between the
acoustic transducer and the converging cone of light. In the last photo-
graph, the beam was placed such that the crack did perturb the sound waves
before they interacted with the light cone. By comparing the second two
photographs, one may readily identify the crack.

Image of Transducer
Background

Image of Crack

\

( ¢ ) Portion of Beam

(a) (b)

Figure 7. (a) Acousto-Opticel. Image of the Transducer
(b) Acousto-Optical Image of a Portion of the
Beam Containing no Cracks
F (c) Acousto-Optical Image of a Portion of the
: Beam Containing a Crack

Composite Specimens

The TEW Acousto-Optical Imaging technique was used to identify
debonded areas in a specially prepared composite specimen. The specimen
was made by bonding a 1/8th inch thick plate of plastic (Plexiglas) to a
1/8tk inch thick plate of aluminum in such a way that two areas remained
unbonded (Figure 8). Eastman 910 was used as the bonding agent.
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Figure 8. Laminated Beam Structure Used to Demonstrate the
Ability of TRW Acousto-Optical Imaging to Detect
Debonded Areas

When the specimen was subjected to the TRW Acousto-Optical Imaging non-
destructive testing technique, both flaws were identified as shown in

Figure 9.
Flaws

Image of the
Homogeneous Specimen

Transducer Background

Figure 9. Images of the Debonded Areas Between the Interfaces
of a Composite Structure

As a final experiment a layer of 1/8th inch thick aluminum plate bonded
to the composite specimen shown in Figure 8. This specimea, Figure 10,
was then subjected to the Acousto-Optical Imaging technique.

¥igure 10. Sandwich Specimen Used to Demonstrate the Ability of
TRW Acousto-Optical Imaging to Identify Debonded
Areas

Again the debonded areas between the plastic and first layer of aluminum
were visually displayed, Figure 11.
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By comparing Figures 9 and 11 it is evident that the same areas of
debonding were identified.
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CONCLUSIONS

We have shown that the technique of the Acousto-Optical Imaging
technique has application to the nondestructive testing field. We
have shown this by demonstrating the ability of the technique to locate
cracks in metals and debonding in laminated matal-plastic structures.
It is felt that this technique as with other ultrasonic techniques
has use at icast on plain geomstrical surfaces. However, additional
elemants will need to be included into the system if one wishes to
image through more complicated geometries, e.g. cylindrical or
spherical. Conventional methods used in ultrasonic testing techniques
vhich are used to couple acoustic energy into bodies of complicated
geovetries should also be applicable for use in this systea.
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MICROWAVES IN NONDESTRUCTIVE TESTING
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Introduction and Summary

n{txz'

Until recently most applications of microwaves to
nondestructive testing utilized continuous-wave, single-
frequency signals, This paper describes a microwave
technique with depth resolution; that is an ultra-high
resolution radar.

D REUtIAL

= The Frequency Domain Interferometer (FDI) combines

i the characteristics of the interferometer and radar. It
: has the ability to measure distance to a small fraction
of a wavelength, and can produce a simple display which
pay be interpreted in the same way as with the more
familiar radar and pulse-echo ultrasonic instruments,

The primary display of the FDI is an oscilloscope trace
with the horizontal scale representing distance to the
reflecting targets, and the height of the peaks representing
the strength of the reflections from them, The device is
thus usable for detecting flaws in dielectric solids and
also for measuring distance., The latter gives rise to a
very convenient method for determining refractive index
directly,

5 W g ey

ity

o

OGN O Bt WY

The increasing use of nonmetallic materials in
Aerospace industries has caused severe problems in non-
destructiv testing. Since many of the nonmetallic
structures are composites, a new class of defects has risen
to prominence, It has been found that the conventional
nontestructive test techniques are seldom satisfactory for
such materials,
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Since the nex nonmetallic composites are usually
transparent to microwaves, the use of microwave testing
is obviously promising, Consideration of the basic inter-
actions of microwaves and solid dielectrics shows that most
of the defects expected in nonmetailic structures wlll have
some effect upon a microwave bearm, In fact, the situation
is similar to that encountered in ultrasonic testing except
that microwaves can traverse empty space andi, of course, do
not penetrate significantly in electrical conductors. The
principal disadvantage of microwaves had slways been one of
equipment and technique, Much of the success of ultrasonic
testing has been a result of the relative ease with which
) pulse-echo measurements can be msde, The speed of electro-
! : magnetic waves, however, is so great that it is difficult,
rf if not impossible, to generate the short pulses reguired.
Thus, while fairly good definition of beam cross section 1is
possible, it had always been a problem to obtain adequate
depth resolution,
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With the Frequency Domain Interferometer it is possibie
to produce an oscilloscope display quite similar to that of
a pulse-echo ultrasonic test unit, and to interpret it in
exactly the same manner. Depth resolution can be obtained
down to a small fraction of a wave length, and under favorable
conditions this can mean as little as + .1 mm,

Microwaves readily penetrate most commercial plastics
and glass reinforced structures. Penetrations of 5 feet
(10 feet path length) into solid rocket motor propellant
heve been achieved., Delaminations down to 2 mils have been
detected and located,

Microwave Technique

Two mierowave techniques will be described: continuous-
wave and frequency modulated. A continuous-wave reflectometry
technique was used to detect delaminations and separations.
This technique has the advantage of simplicity and illustrates
the defect sensitivity that can be obtained. However, the
range or depth of the defect cannot be determined. Thz CW
technigue is applicable to thin laminar structures where
there is a priori imowledge of the depth of the defect, if
any, or a defect at any depth 1s cause for rejection.,

Defect Sensitivity - C.W. Technijue

To determine defect sensitivity a specimen with built-in
defects was constructed., The specimen consisted of a 3-foot
length of the cylindrical section of a solid rocket chamber
cast with propellant. The case 1s a quarter-inch thick glass
filament-epoxy composite lined with a quarter-inch thick rubber
insulation., This specimen has as 8" web and cylindrical-core
grain. The specimen has a case-insulation separation, a bonded
insulation patch, an unbonded patch and insulation-propellant
separations, The insulation-propellant separations were made
by waxing steel shims to the case wall and withdrawing them
after cure. Shims of .025", .020", .015", ,008", and .002"
thickness were used.

After curing, the specimen was placed on a turntable and
scanned as shown in Figure 1. The turntable rotates and also
moves vertically.

The detection of delaminations and separations depends
upon the change in reflection coefficient which results from
the sharp discontinuity in dielectric constant between air
and glass, insulation, or propellant., The directional soupler
allows only the reflected signal to reasch the crystal detector,
This signal consists of a large reflection from the outer
surface of the case, and smaller ones from the glass-insulation
and insulation-propelliant interface., 1If any unbond occurs, the
reflection is increased, Of course, the spacing of the
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interfaces is critical, and the frequency must be chosen

Z so that the reflections from two discontinuities will not

£ be 1/4 wavelength apart and be cancelled out by destructive
: interference,

Figure 2 shows scans of a region free from defects, or
= at least free from insulation-propellant separations, There
s . is some evidence of more suhtle defects which are not well
= 3 resolved, Figure 3 shows an adjacent area which contained
: a separation produced by withdrawing a 25 mil shim 6" wide
: : which had been waxed and stuck against the case during cast
E: and cure, As can be seen, this defect 1s clearly mapped out.

Figures 4 and 5 show gscans of the other separations.
Figure 4 is especially interesting. Note that the indications
for .025", .020", end ,015" separations are almost identical.
Theoretically, as long as there is an air film present, the
thickness of it should have little effect 30 long as it does
not become significant compared to a quarter-wavelength,

_ = Examina.-ion of the scans of the ,008" and ,002" separations,
E- ; as well as Figure 5 which shows the .008" separation at a

3 different point and higher gain offers some explanation for
the poor resolution of the thin separations. As the sepa-
rations become thinner, thare is evidence of a tendency to
cloge upr at the center, In all probability it is reduced
area of actual separation rather than the thinning of the
separationa which accounts for the wesk indications for the
008" and ,002*" separations,¥*
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= | 3 Pigure 6 shows an insulation-case separation., This
= defect was produced by slitting the insulator, anl wedging
a screwdriver betwsen case and insulation to form a pocket.
The adhesive was removed with trichloroethylene, the pncket
dusted with talcum to prevent re-bonding arnd the slit sealed
' with neoprene cement, While it has not besan possible to
= X-ray the specimen as yet, it 1s believed that the shape of
M this defect is roughly a&s follows after cure. The eontrapped
bubble of air, somewhat compressed, should be at the top of
the defect, At the bottom there is a lump of glass-epoxy
scrapings and talcum, The result should be two cavities
Joined by a separation of varying thickness. The irregular
indications shown in Figure 6 are in good agreement with
the probable strusture of this defect.

AR 3 R

*Later experiments with the f.m, technique at a higher
- : frequency (Ka-band; 26,5 to 40 GHz) more cleariy resolved
> . the edges of the 2 mil separation. These measurements

: : verified that the defect clogsedup 1in the center,
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Thess experiments, as well as ‘others, illustrate thut -
laminar separations as small as: 2 ' mils thick!cer be dstetted. o
They algso illustrate the basic difficulty of the C,W. tedhnlque. ‘
There 1s no way to determine which interface 1is separated., The
indications” céduld be' due in this case to dé&laminations in’ the
case, case-to-insulation separatiéns,” delaninhations xn ‘Che' 7
insulation, or: 1nsh1ation~to-propellaht teparations

The F.M, Principle

It is natural for NDT practitionerg whose attention 1is
drawn to microwaves to consider the possibility of ranging
defects with a pulse-echo device. What 418 need~d, it would
sppear, is an ultra-high resolution radar. The radar beam
would be directed into the dielectric being inspected., Any
discontinuities would reflect back a portion of the pulse,
and the time of arrlval of the reflected pulse could be used
to locate the defect. To get high resolution, it would be
necegssary to produce a pulse 23 short in duration as possible.

There are both practical and thesoretical difficulties
in building such a system, .A more general analysls of ’he
problem shows that a.large microwave bandwidth is all that
18 required for high resolution. A conveniont way to get
this 18 to linearly sweep the microwave transmittor frequency
as shown in. Figure 7. , The mioronave 8ignal. travels down tne
wavaguide and reflects off discontinuities in front of the
horn. The. crystal detector then .seestwo signals,. the trans-
mitted signael and the reflected signal

The detector output containe the sum and difference
frequencies, 3ince the gweep ie linear, the difference
frequency is a constant as showh in Pigure 8, A mathematical
analysis shows the detected signal for a single reflector
to bes

34(t)

By (®)

A cos (w, - w't)T o<t <T (1)

0. o TctﬁTr

"R = the amplitude
Wo T ZﬂT = the starting microwave angular frequency

.wonwl . [ f . B
‘W' ——T—~ =2 the mlcrOWave sweep rate T

ST = the time of travel of the microwave signal from T
i the detector to refleotor and back to thd detector' :

timh o : ‘ o

-3
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sweep duration
T_ = sweep repetition period
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As ocan be seen the fvequency (w'r) is proyortional to T,
hence distance, Furthermore, the phase (w _T) is proportional
to distance. - °

It would appear that several reflectors in the beam
ocould be resolved by frequency analyzing the signal, A
aatural device for doing this 1s a spectrum analyzer. The
power spectrunm of the signal from one reflector is:

2/ Tm w"l")
sin T =3 T
1 (Tr

= (s

r

(2)

Pg(m) =

21
where P.(m) = power at frequency T—r-

m = an integer

Note that the phase information in the r( sived signal
is 1lc¢st, i.e., there is no wo‘r' term. Furthermore, the
spectyun is a line spectrum,  For example, if T were 0,001
sec, thers would be power only at harmonics of Bne Kilohertz. -
Finally note that the power spectrum is always positive,

The FM Microwave Interferometer does not take the power
speotrum, A oross-correlation detector is used, 1Its output
i3
sin [(w -« w'T) T + w,T) - sin v T

clw) = W - Wt

where C(w) = eross-correlation detector output
w = 2Ff = angular frequency

Note that the phase information (w T) is retained, The
signal may be either positive or negatife. Further note that
the fregquency term oscocurs &s wo‘t‘ in this transform, not as
in the power spectrum, Hence, the transform method yield
twice the resolution,

The significance of thess observations is shown in
Figura 9, Suppose the microwave transmitter is operating in
X-band, 1.e,, swesping from 26,5 GHz to 18 GHz. Suppose that
the duty oycle is 50%, i.e., T = 0,57 Suppose further that

a reflector is placed in the besm at Buch a point that it
produces & beat frequency (w'T) %\]tgich jie an exact multiple of
r

the repetition frequency (w't=

= zrnfr vwhere m 18 an integer).
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Then the display of this signal-on:a high resolution spectrum-
analyzer is shown in Figure 9a.. For convenience the. horizon-:
tal axis is showr in distance rather than frequency or-delay. -
time, The gpect .=l env¥al :37 18 dotted in and goes to zero

at 18 Yl

A display of the correlation detector output for :he
same signal is shown in 9b, In this case the phase is-zerc
(w T is a multiple of 27)., Note this display is a smooth
cufve and- gozs to zero in 9 mm,

Now suppose the reflector moves a distance that causes
the phase to shift ?25 radians,

This corresponds to a distance-of
cC_ . 3x1

10
§D = g7~ 2
o 8(26.5x 10%)

= 0,14 cm = 1,4 mm

where $T= the change in delay time
$D

C = velocity of light

M .
fo = 2%}==miérowave starting frequency

the distance moved

The display of the spectrum analyzer and correlation
detector are shown in Figures 9c and 94 respectively. Note
that the position of the lines in the spectra do not move -
only the position of the envelope, The only indication of
the change in position of the reflector is the slightly
unsynmetrical sideband structure,

In sharp contrazt the change in the correlation detector

output is most consplcuous, 1Initially the curve had a shape
like:

X
y = si;

The new curve has a

_cos x -1

y= x

shape, Thls curve crosses zero at the 1.4 mm mark, A
further 1.4 mm movement of the reflector has a relatively
minor effect on the spectrum analyzer output but changes the
correlation detector output to a curve like:

~-sirn x

y cat shown in Figures 9e and 9f.
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The negative peak orn this curve occurs at 2,8 mm, Further
increments of 1.4 mm changes the correlation detector output
to a curve like:

= _6cosx ~1
V= X
then back to
y = 81: X

“This distance (5.6 mm) corresponds to 27 radians,

Some experimental resuits in Ku-band (12.4 tc 18 GHz)
are shown in Figure 10, Fizure 10ashows the front (at 2.7 em)
and back (7.0 om) reflection from a 2-in.,-thick block of
plexiglas, Hote that the grout reflector is in phase and

* ths back approximately 180 cut of phase, Pigure 10bshows

a single stationary reflector wih the phase control rotated
by 90" inorements, FigurelOc shows the reflection from a
reflector moved in 2.7 mm increments., Note the final pesition
is displaced 0.5 om on the display. This represents a
distance of 1,08 cm displacement,

o In practice an inexperienced oparator can easily see a
30" shift corresponding to a 0.46 m’ iistance in air. In a
dielectric the resolution is bstter berause the velocity of
microwaves is c¢/n where n is the index of refracticn., For
most dielectrics n is sbout 1.3 to 1.7.

If the microwave horn wers scanning a laminar structure
for delaminations, the position of the dzlamination could bhe
determined to better than 0,5 mm in K-bani, Higher microwave
frequencies would result in still higher :2solution,

In using the FDI to measure dielectric constant it is
necessary to measure the microwave path length to a metal
reflector. An opgrator with some experience can make thesge
measurements to -,03 mm in K-band., The metal reflector
can Ye located more accurately than separations because the
metal reflector provides 100f reflection, This reflection
is stronger than cther reflectors in the beam, Furthermore,
the other reflectors are located well away from the metallic
reflector,

Figure 11 shows a typical indication of a defect. The
large indication at the left is the reflection produced by
the microwave beam entering the part. This double exposure
shows the trace ove:r & normal region and over a defect,
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The spectral envelope has »less resolution than the
correlation detector output. Furthermore,. it contains no
phase information. This output ‘is: useful for looking for
voids and:-inclusions :in relatively. .-thick dielectrics.. The .- -
usual:-electronic tricks-oft zero suppression -and variable. ;s
gain-vs-depth can be:applied to this: signal, This digplay -- - -
mode is also useful in scanning operations where the distance
from -the: horn to the va.rious mterfaces cannot be- held constant

[ Pl

- The spec Lral emrelope display As very— similar to the S
"A* scan:in pulse<echo: ultrasonics,- The only difference -in ':-*
interpretation is that the reflectors are: at positions - - -
corresponding to the peak of the "blip" rather than the 1ead1ng
edge of:-the:blip, - This :As .a..desirable difference.since -the
peak 18 -always  more:easily discernible than the .leading -edge, ‘-
No error: 13 Jntrodncedf tf the zero -or base line ts suppressed. :

I -

F l‘haﬂcorrelation outpu,b contams much more «1nformations- -
both freguency: and :phase, . : Furthermore,- the display. for multiple
reflections:isistrictly: Zhe.-sum of the indications -from -each,: - -

These -two: properties-allow very- high resolution of* defects m
thin,:-lanminar: stzructures. s S

R U - -

—ve o

Suppose that-a quarber-incb »thick composite consisting
of two materials, for example filament wound glass and rubber
liner, required inspection for delaminations -and separations.-_-
Suppose further that there are different acceptarice Iimits
for area- of- glass:deleminations, :glags-to-liner separstions,
and I4Aner delaminations.. Thus when :separations are detected,
it is: necessary ta determine e:nactly which interface 1s 1mrolved

-~~~ ,..,.__

= Since sor: many 1nte1:faces .aT'e 80 - close together the -
overlapping ‘reflections -on the primary display would be- - . =-
difficult:to <interpret.. ~However,  a simple: way exists for  ~ -
determining. both the: interface that ‘is :separatedas well as:- -
the gap :size... The signal :analyzer: is manually 'set for the -
approximate: center-<cf the :composite.. The two correlation ---~
detector:-ontputs: are: then -put :on' the:=x and y axis -of .an X<y -~
plotters: s Withm: flawless sample in:front -of the-horn the x-y -~
plotter pen 1is izset-to :the -center.’ Then as:- tho horn scans the: -
composite a deflection from the center indicatee a defect,
The angle of the :deflection sAindicates the depth of the defect,
and :the:xradius: ‘indicatas gap size. .‘l‘his -angle 1is -the "wof'r'
temdn\eouationiz,)-« - i eotTe e

-4 =N |
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Penetratio: of Air Gaps

Unlike ultrasonics, microwaves are not totally reflected
at interfaces between solids and air., This property gives
miorowaves the ability to detest separations undar other
separations or air gaps. The reflection coefflclent for an
interface between two materials 1is

2
(n* + n")
where n' and n” are the refractive indices, For example
at an interfsce between air and a material with a dielsutric
oonstant of 1.5, 4% or the bsam is reflected,

The ability to penetrate gaps is illustrated by figure 12,
The two traces a~e made with and without an air gap., 1In the
trace with the air gap the back surfacs reflection is merely
reduced in amplitude. The small indication at 3.2 om is
from the mouth of the horn.

The reflection from air gaps oan be directly measured
with the FDI. A plot of reflaction versss gap width for
plexiglas in Ku-bend (12,4 to 18 GHz) is shown in figure 13.
It is interesting that the refleated amplitude does not
oxtrapolate to zerc for zero gap size, An exact mathematioal
analysis shows that for gaps less than S mils in Ku-band
there is considerable variation in reflection with frequenoy.
This results in "blurring” of the reflection and nonlinear
behavior. At 40 mils the curve starts to flatten and at still
larger gap sizes the cisplay shows two reflections: one where
the misrowave beam enters the gap, and one where it leaves,

Measurement of Refractive Index

The conventional procedure for determining the refractive
index of solids at microwave freguencies ocan be very precise,
but is far from sonvenient, It involves filling a length of
waveguide with the material to be measured, and determining
the complex impedance of the filled section by standing wave
measurerents., From the impedancs, the electrical properties,
jncluding dislectric constant can be computed, The refractive
index 18, of course, determined by the dielectric constant,
This method is not as simpls as the desoription might imply.
Iata reduction is exceedingly involved and tedious, and sample
preparation can be a problem since the waveguide must be
perfectly filled. Another obvious problem is that a large
slab can only be tested by cutting samples from it,

With the FDI one need only have a specimen with flat,
parallel faces. The antenna, generally a horn, is placed on
one side of the specimen, a plane metal reflector on the other
side. The reflector is nounted on a micrometer scorew so that
it can be noved a meusured distancs along the horn's axis,
See figurs 14, i
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The distance from horn to reflector is then determined from
the FDI display. This indicated range 18,. of. course“qirferent‘
from the actual distancé, The FDI pieasures distance 4] -Wave-’
lengths, and the wave length 2s shorter’ 1n the dielectrlc" -
sample. Aftér the indicdateéd range has been noted,“the samp;eq
is removed, and this causes the indicatéd range of “the ' o

reflector to revert to its true value, The refre,tor is 17
then moved away from the horn until its indicated rangeis _ -
the same as it had been with the sample present. The reflector -
travel required to do this is noted. The refractive index 1s

then calculated as follows: ; e

t+d - S e -

where t 18 specimen thickness, d is the reflector travel. and
n is the refractive index, The FDI avoids the impossibly T
difficult problem of generating ultra-short pulses by using -
a fuli-band frequency sweep for determinins target range. Thus,-
taking Ku-band as an example we haveé a frequéncy band .of ;“ .
12,4 - 18 GHz used, Fortunately tine dielectric properties cf
most mateéerials change very slowly with frequency over a uaveguide
band, The FDI measurement of refractive 1ndex is, of course a
band average, adequate for most purposes, The measurement of
distance is good to about -0.0i cm, For dielectrics such as
plexiglas or polystyrene, for example, the refractive index is.
about 1,6 and thus with a 1 cm thick slab the reflector-travel ——-
will be about 0.6 cm. Assuming gde uate_precigion in measuring
t, the uncertainty in n. 1s then =0,6% for Ku-band, For ‘higher __
freauencies and_thicker specimens accuracy is, of course.if TN
better, Specimens of high attenuation are measured somewhat = -
. less accurately, as are curved specimens, or ligiid specimens ST
3 in tanks (the latter because of multiple reflections from the" R
: tank walls). It should be noted, however, that curved specimensg,
3 or specimens with irregular surfaces can be measured for a rongh
= check if a loss of accuracy is acceptable, and curved specimens ’
can be compared if they are identically positioned, and -are_ of
uniform dimensions. o

A e %

As regards size, the 1 cm thick specimen used in the.
example is very convenient, Specimens 6" thick have been
measured, and thin ones can be used, but with the obvious
loss in precision, The cross section of the specimens may
1 be as small as 24" X_23" for Ku-band (Genter frequency 15 GHz)

. for other bands the size increases with decreasing frequency ~ ~ =
: and vice-versa. For Ka-band (center frequency 22 GHz) about, .

3 1-3/4" square specimens suffice. This assumes the use of -

: standerd gain horns of approximately 20 db gain. With lens_. -
correction smaller specimens can be used, although diffraction’%u%
effects prevent collimation of a microwave beam into a fine. -
line: parallel beams and focal spots cannot be narrowed down .
below a wavelerngth. The 1imit is aperture diffraction, and ,t-iZ
2 may be’ estimated from the optical formulas. For a circular .

= aperture a, the angular half-width of the main lobe (Airy s. disci
2 is given by

' sin ﬂ = _—_1'22—&.




I ARSI ) oG NPT J0v0t, g,

thus an aperture of 2Awill have a spread of about 38° for

the main lobe, about what one would get from a gnod horn

of similar aperture, In fact this is the sort of horn generally
ugsed., Thus it can be seen that it is futile to attempt to
constrict the beam to a diameter much below two wavelengths,
since it will spread beyond the aperture. The limit previously
cited for specimens in Ku-band is about 3 A for the center
frequency.

It should be noted that for many dielectrics the
refractive index does not change very much between 1 and
4o GHz so that a linear extrapclation is quite adequate in
many cases, and measurements can be made in Ka-hand with a
center wavelength of 9 mm allowing specimens as small as
1" X 1" with no loss of accuracy.

FDI units can now be made for any band betwee: L
{(1-2 GHz) and Ka (26 - 40 GHz), Antenna size becomes
inconveniently large at lower fraquencies, and fall-band
sweepers and ferrite isolators, an abgsolute necessity, are
hard to come by above Ka-band. Extension to higher frequencies
is quite feasible whenever these items ¢t equipment beconme

commercially available,

Agglications

The impetus for starting research in the F.,M, microwave
technique was the need for inspecting the solid propellant
in the 260" diamster rocket motor. Luring the fedasibility
demonstration program a tack surface reflection was obtained
oft a 52" thick solid propellant specimen using the 1l-to-2
GHz microwave band. NASA 1s now sponsoring a prograr for
more extensive testing with improved equipment and larger
propellant sampies,

The FDI is being used for the production inspection of
ablative nozzle skirts used in the Titan femily of rocket
motors. The frequency band used is 26.5 to 40 GHz (Ka-band),

A paper is being presented on this application later in this
conference. ..

The most recent application has been on randoms used in
re-entry bodies. 1In this application it is used to measure
both variations o f dielectric constant across the windows
and variations from window to window,

Cecnclusions

The Frequency Domain Interferometer can be used to inspect
nonmetallics for flaws and dielectric constant. Samples from a
fraction of an inch thick to over 4 feet thick have been inspected.
Defects down to 2 mils thick can be datected and located to
10 mils accuracy.
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It is now possible to measure the dielectric constant of
production parts with high accuracy. The FDI eliminates the
need to machine samples from the part for insertion into a

waveguide, It also permits several readings to be taken across _

the face of the part to determine homogeneity.
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is recorded
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The structural chsracteristics of nozzle-exit components for large

gy

liquid-rocket engines are discussed and & descripticn of honeycomb glass~

laminate prccessing &and NDT history is presented.

s WL RIS

A microwave short-range radar signal processing unit has been

developed for the inspection of large solid-rocket grains under the

SRR L B RRE S Sl (e B L

sponsorship of NASA. This high-resolution signal processor combined
with microwave swept-frequency generators in the range of one- to 40 GHz

has beea applied to the irspection of nommetallics.

initial experiments on gsub- and full-scale sections demonstrated
the fzasibility of microwave inspections andZtechniques for automating

& fonic ingpection. IXnspection objectives were established and a sonic/

microwave production inspection system was developed., The resulting :

system, its operation since July 1968, and inspection data are described.
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INTRODUCTION

In the thrust chamber of a liquld rocket engine, thermal energy of
the combustion products is converted into the kinetic energy of exhaust
gases to produce thrust. In the course of this conversion, nozzle walls
encounter temperatures considerably in excess of their melting points
and therefore means must be provided for cooling. Three basic means are
available for providing this cooling process: (1) regenerative cooling
wherein the liquid propellants are circulated around the chamber exterior
prior to entry into the injector, (2) film cooling wherein a small amount

of propellant is sprayed on the interior of the thrust chamber wall and

(3) ablative cooling wherein a nonmetallic surface is deliverately allowed -

to erode and char at a controlled-rate. Nommetallic ablative materials
are used chiefly in the combustion chambers for space engines where pt;-
pellant flow is insufficient to provide adequate cooling and in noz;le
extensions or "skirts" whose physical size interferes with the achievement
of acceptable propellant flow characteristics.

The environment seen by ablafive nozzle skirts is especially severe.
The rapidly increasing gas velocity in the skirt area provides good condi-
tions for heat transfer to the walls, In addition, the vibration and
gravity forces encountered during missile firings impose additional
threats to ablative skirt structural integrity. The importance of this
structural integrity cannot be overemphasized since it relates directly
to missile performance, It may be shown mathematically that optimum
thrust is achieved when the pressure of the exhaust gases at the skirt

exit area is equal to the atmospheric pressure., This condition is achieved
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or at least reasonably approximated by designing ablative skirts such that
the ratio of throat to exist area will allow sufficient exhaust gas volume
increase and concurrent pressure drop to approach atmospheric pressure

at the exit area. Obviously, this requires some compromise since a missile
encounters continually changing atmospheric pressure during its ascent.
Despite this compromise, however, the significant point remains that optimum
missile performance depends upon the design and proper performance of the
abletive skirt function., If the ablative skirt is consumed by the heat

of the exhaust gases or disintegrates from acceleration forces, less than
optimum thrust will be generated; if a section of the skirt is lost,
undesirable side thrusts will be created for which the missile guidance
system may or may not be able to compensate. In either event, the success-
ful accomplishment of the mission objectives will be seriously jeopardized.
Therefore, the structural integrity of ablative skirts is not only of
definite concern but developing objective evidence of that integrity pro-

vided nondestructive testing with a formidable challenge.
ABLATIVE SKIRT STRUCTURE

The formidability of this challenge is most easily visualized from
a Ziscussion of the structure and fabrication of a typical ablative skirt
used on the Titan III vehicle., Figure 1 portrays a typical skirt in
cross-gection with the thickneszses of the various layers of material

exaggerated for illustrative purposes.
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The liner or inner-most part of an ablative skirt is in direct

contact with the hot exhaust gases., It is fabricated of an asbestos tape
pre-impregnated with phenolic resin. The tape is wound on a mandrel,

] % cured, and the outer surface machined to size, The inner or as-molded
surface wrapped on the mandrel requires no machining. Following liner
machiniug, several layers of glass cloth are bonded to the machined

3 surface of the liner and also cured. These layers form the inner laminate.

After inner laminate cure, the phenolic honeycomb is bonded in place

with a film adhesive and its outer surface contoured to print. Finally,

several more layers of glass cloth are bonded to the exterior of the

honeycomb and this exterior luyer becomes the outer laminate.

i

ABLATIVE SKIRT TESTING HISTORY

E - Originally, nondestructive testing of this structure was limited

; ; (excluding visual and dimensional checks) to a dye penetrant inspection
of the liner as-molded surface for surface cracks and delaminations.

(For purposes of this discussion, delaminations are defined as separations
parallg} to and between the plies or layers of tape, whereas cracks are
defined as separations occurring across the plies,) The presence of
cracks or delaminations is particularly critical since they could permit
hot gases to enter the inner laminate area which is not designed to with-

stand such a condition. If Gelaminations are present in the liner struc-

RTPIY vorvon st LGSR SEAEEAEEN

ture which are not open to the &s-molded surface, dye penetrant inspection

will not detect this condition. Such delaminations, however, auy becowe
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open to the as-molded surface as that surface erodes and chars during an

engine firing, As & result, dye penetrant alone is not sufficient to
adequately characterize the condition of the liner with respect to cracks
and celaminatione, Moreover, dye penetrant will not detect the presence
of inclusions between the plies which can also contribute to structural
weaknesses in the liner.

Since no NDT methods were available to satisiactorily inspect the
remsinder of the skirt structure, reliance was placed upon in-process
control to ensure skirt reliability. Raw materiais were subje;ted to
laboratory analy~is to ensure conformance to the applicable matérial
specification}, and in-process conditions such as cure temperature; were
closely monitored. However, the state-of-the-art in nonmetallics manu-
facture often produces a measurable degree of lotito-lot variability for
the pre-impregnated materials used in liners and laminates. This con-
dition tends to diminish confidence in the nearly exclusive use of raw
material and in-process controls. As a result, the Air Force asked
Aerojet to recommend the developument and/or adoption of applicable NDT
techniques for inspecting the entire skirt structure. The possible

defects which the NDT techniques should be able to detect were:

Part or Interface Possible Defects
Liner Cracks, Delaminations, Inclusions
Liner to Inner Laminate Unbond
Inner Laminate Delaminations

Inner Laminate to Honeycomb  Unbond

i i
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Part or Interface Possible Defects

H)i'!ﬂmm LRI
oSG R il

Honeycomb Crushing of either face

T b

Honeycomb to Outer Laminate Unbond

Outer Laminate Delaminations

Al

HINT

Experience had indicated that X-ray was unable to resolve any of

these defects in the relatively small size range believed important. It
was also known that ultrasound was limited by its inherent inability to
penetrate beyond the first discontinuity; and the limitations of pene-
trant inspection discussed earlier were equally well-known.

With these NET methods essentially eliminated from further considera-

tion, attention was turned to possible application of a sonic tap test.
Experience had indicated that coin tapping of ablative skirts produced
audible variations corresponding to differences in honeycomb and outer -
laminate quality. Application of this technique was regarded as promising
provided that the subjective interpretation of human hearing could be
replaced with electronic signal processing and permanent data recording.
- * Simultaneously, it :ppeared probable that swept-frequency microwave
techniques under exploratory development at Aerojet1 for inspection of
solid propeilant could be applicable to other composite materials such as —~
those which comprised the ablative skirt liner and inner laminate. In

addition, both the sonic and microwave techniques possessed theoretical

A O A AR 0

limits of detection compatible with the sizes of defects that the tentative

inspection criteria considered desirable for detection.

1Cribbs, Robert W., Microwavez in Nondestructive Testing; Conference

o

on NDT of Plastic/Composite Structures, March 1969, Dayton, Ohio
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On the basis of these theoretical considerations, s feasibility
study was undertaken using samples with known defects. For these studies,
a 2 x 2 ft panel duplicating the skirt cornfiguration was fabricated in
the laboratory. A saw cut was used to simulate a liner crack; metal shims
were inserted at various interfaces in the laminates and bond lines and
removed after cure to simulate unbond and delamination conditions; a wheel-
like devics was assembled to crush honeycomb in a manaer which was repre-
sentative of skirt hendling-tooling misalignment.

For purposes of the sonic feasibility srudy, a mechanical impactor
or “tapper" was built., This tapper consisted of ar AC motor driving a
cam-actuated arm to "tap" the skirt specimen at precise intervals with
constant strength. A microphone picked up this sound, filtered the sigoni,
and displayed it on a recorder. This phase of the feasibility study was
extended to a full scale skirt which had suffered handling damage to its
honeycomb layer. It was shown conclusively that crushed honeycomb and/or
delaminated outer laminate areas of a skirt resonated differently when
tapped than did acceptable areas, and that the frequency differences were
sufficient for meaningful data recording.

Simultaneously, the microwave study was progressing to demonstrate
its feasibility. It was learned that satisfactory defect resolution re-
quired operation in higher frequencies than had been previously investi-
gated but that the signal processing equipment was capable of responding
to this requirement since it handles only the difference frequencies

between transmitted and reflected signals. The defect specimen was
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subjected to a microwave inspection using a hand-held probe or horn and

4 SR U b

the laboratory electronics bread-boarded for previous microwave develop-
ment studies. The results of these efforts are depicted in Figure 2

wherein the response of this laboratory microwave equipment clearly

indicates the presence of the known defects,

PROTOTYPE EQUIPMENT DEVELOPMENT

B A § PG

st 1

Based upon the_.encouraging results of the feasibility etudies,

plans were formulated to design. fabricate, install and checkout an

Bl Geaeth s 3

actual inspection system for Titan III skirts, The follo&ing ériteria
were established for performance of the system:

1. The system and associated skirt handling tooling mus: be

O A T

sufficiently flexible to accommodate the three different sizes of ablative
gkirts being manufactured.

2, The system must be able to detect flaws as small us 1/4 x
1/4-in. during microwave inspections and 1/2 x 1/2-in. during sonic

ingpections,

(Y

3. The read-out must be able to provide flaw size information.

WM R R

4, The read-out must be able to relate defect indications to their

o

respective locations on the skirt being inspected.

W Bur 2 s ferr

5. The system should be operable by bargaining unit inspectors
(as opposed to the engineers who performed the fe;sibility studies) and,
H therefore, should be as nearly automatic as possible.
The design of the system was begun in February of 1968 and contracts

Py

for its manufacture were let in April of that year, By the middle of June,

"
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installation of all system components was complete and checkoat was

S
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begun using both available ablative skirts and subscazz defect xpRcimous

i

iy

R

e R T At MR e

similar to the one described earlier.

EQUIPMENT COMPONENTS

Pigures 3 through 7 show the completed system az it Jurrently

exists and is being used to inspect ablative skirts. By reierence to {

these figures it is also possible to sce vy ull the performance critexis

wece achieved.,

Inapection Unit

Figure 3 fllustrates the basic inspection unit. In th¢ approximsate

W w1

center of the unit is the turntable upon which the skirts rest during

EYIT e N

inspection. The top of the unit or “bridge" is removabtle for positioning

[T

a skirt on the turntable prior to inspection or removing it afterwsard.

sty

Only two cannon plugs are disconnected to permit bridge removal or

reconnected when the bridge i{s replaced on the unit. Suspended from this

tridge is the microwava carriage and its associated drive mechanisms

Wa R AT P

which fit inside the skirt, To the right of the skirt is the sonic capper §

and its drive mecharisms. The main drive motor is located at the lower

LT Rt P A R LTIE T  E G  T

left of the unit where it is connected directly te both the turntsble and

a selsyn trangsmitter. ‘iwo independent selsyn recejvers drive the micro-

vt (IR S

wave carriage and/or sonic tapper vertically by means of the leadscrews

shown., In this manner, the relationship of turntable rotational and
microwave or sonic vertical travel speeds is kept constant permitting

1 in. of vertical travel per turntabie revolution, regerdless of turntable

apeed,
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FIGURE 3 BASIC INSPECTION UNIT
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Figure 4 is a close-up view of the nicrowave carriage showing not

only 1itg leudscrew drive but also the oscillator, antenna or hcrn, and
interconnecting wave guide, The negator springs hold the horn against
the interior of the skirt with constant pressure despite tie constantly

changing skirt radius.

Figure 5 is a comparable close-up of the sonic tapper. The wheel

B Ky

allows the tapper to ride along the skirt exterior at a relatively fixed

position sc that each tap will strike the skirt with equal force.

it

Negucor springs are used here also to maintain a constant wheel pressure
agaiust the skirt. The microphone picks up the sound of the tapper as it

strikes the skirt and transmits this sound to the ccntrol console shown

RETs >t v

Y

in Figure 6.

S AR B

Contzol Console
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The righthand side of the control console contains the oscilloscope,

(et

turntable and vertical drive contrels, and tie microwave sweep generator.

i Cnuhisin

The oscilloscope portrays the entire depth trace of the microwave signal.
For recording purposes, as many as three discrete depths along this

trace may be selected. These depths are selected by positioning electronic

vE
IR faig

gates along cine depth trace as portrayed on the oscilloscope. Each

by

(xR

derth selected produces cutput con one of the three racorder channels.

[
-
LR IR el g LR B L b B oA R

The drive coatrols permit selection of sonin, wicroweve and/or :

BRI N Lyt

2B turntable drives, adjustment of the speed from 0.5 to 6.0 rpm, and choice
of either up or down directions for the vertical drive as well as clock-
wite or counterclockwise turntable rotation, :

The sweep generator provides an input to the oscillator causing it

= ; to zweep the microwave frequencies in the Ka Band (26.5 to 40 CHz) at a

Tepetition rate of 1,000 times per second.
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FIGURE 5 SONIC TAPPER
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FIGURE 6 CONTROL CONSOLE
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The microwave controls for depth selection, phasing, gain, and the
like are located at the top left of the console. Three identical sets
of contrcls are available for independent settings of each of the three
available recording channels., Below these microwave controls are che
three channels of sonic inspection controle, The large dials adjust the
low and high pass filters which determine which band of sonic frequencies
will be recorded on each channel, Zero-suppreasion, limiting gain, and
time-constant controls axre also available for each channel increasing the
flexibility of data presentation.

Recorder

Figure 7 shows the three channel drum recorder on which either sonic
or microwave dats may be displayed. The pene are of the heated stylus
type vhich eliminated the ink clogging problems often encountered on long
runs with ink-pen recordsrs. The most significant feature of this recorder
is its synchronization with both the rotational and vertical drives of
the inspection unit. The drums rewvolve once for each turntable rotation
aod the pens wove left or right 1/2 in. for every vertical inch of micro-
wave carriage or sonic tapper travel. Moreover the drum circumference is
exactly 18-in. so that cach inch of this circumference corresponds to 20°

of arc on the skirt being inspected, iegardless of its site or cenfiguration.
SYSTEM OPERATION

After the skirt is positioned on the turntable, ta: microwave
carriage is driven to the top and the horn slid into contact with the

as-molded surface in line with an arbitrarily established skirt zero.

-10-
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The oscilloscope trace is used to establish the desired inspaction depths
and the speed control is set for approximately 2 rpm. As the turntable
rotates and tha leadscrew drives the microwave carrisge down, a spiral
1nqm;ticn pattern is 1nle:-1bod over tha cutﬁc u-‘-oldod surface. The
dats is processed slectronically and displayed on the drum recorder.

Pigure 8 1is a photograph of the dats from one channel during an
in-process iuspection of a skirt liner with inner laminate applied. The
layers of glass cloth vhich comprise the inner lamirate are applied in
twelve double overlapping sections and these overlaps are clearly

indicated on the recorder trace. No defects were found in this particular
e,

At the conclusicn of & run fn which a msp’ict arss has been noted,
the carriage is returned to an area an inch ';noabovcthc suspect area
and “sapping" scans ave made. For these mn’o, the skirt is iaspected
during one rotational turn, the carriage md dowrmsard 1/4-in. and a
second rotationsl scan is accomplished. nu alternate vertical and
rotational proceas is continued until a complete map of the suspect area
is on the recorder. An example of this type of mapping is shcwn on
Figure 9. Three series of scans were made on this occasion {n an effort
to determine optimum conditions for mapping, but one such series is
normally sufficient. Determination of defect height and width during such
wapping scans requires consideration of the overlapping effect of the micro-
wave horn with respect to the actual defect dimensisns. This situation
and its solution are illustrated in Figure 10 using a liner delamination
as an example.
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Depth of a suspect area within a part is determired partly by

AR DY M L 0T 6 s e

knowledge of the originul depth settings and the channel or channels on
which the defect indication appeared. This information is usually

supplemented by comparing the entire depth trace on the oscilloscape with

T SRR

equivalent presentations obtained from the defect specimens mentioned
previously. Figure 11 illustrates this principle by using double exposure

scope photographs wherein the "A" trace represents the signal from the

P TN e R UREL LY

indicated type of defect, Cn these scope photos, the first major peak
from the left represents the specimen's front surface reflection and
depth into the part increases towaerd the right. On Figure 11, tha upper
photograph displays & built-in defect slightly deeper into the gpecimen
than does the lower photcgxzaph and the mejor change in the trace occure
somevhat further tc the right for this slightly deeper defect.

The sonic system procesaes signsls obtaiced by tapping ablative

TR

skirts in essentially the manner shown on Pigure 12, After tke character-

istic frequency spectra had been determined experimentally for ecach skirt

SR Y PSS

configuration, it is a relatively simple procecs to set the frequency

A

controls to pasa only the desired signels. Only two channels are shown

being used in Figure 12, but the third is sormally set to duplicete che

lower trace as backup information since a suspect aren is somewhat wmore

\Hajat

apparent on this type of trace. The sonic tapper inscrites 2 spiral

g g

pattern on the exterior of the skivt comparabie¢ to that of the microwave

e DAY

horn ou the interior. As a result, the locaticn of suspect areas can be

determined from the recorder read-out in sudbstentislly the same manner,
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The sonic sysiem will not depth-differentiate between outer laminate and
honeycomb defects; but this information proved unnecessary since & repair
of either layer is normally accomplished by replacement of both the honey-

comb and outer laminate layers in the defective srea.
CONCLUSION

The sonic/microwave system for inspection of ablative skirts has been
in virtually continual operation since July of 1968, Skirts receive
microwave inspections following fabrication of the liner and again after
addition of the inner laminate to the liner. PFollowing application of the
honeycomb and outer laminates, skirts receive both sonic and microwave
inspections after which the article is essentially ready for delivery as a
completed, acceptable unit,

The program to develop these NDT methods for Titan III Ablative
Skirts may be characterized as a complete success. All inspection goals
were achieved and, in less than 12 months, both sonic and microwave
techniques progreassed through feasibility study, completed prototype
development, and have become routine nondestructive testing methods for

all ablative skirts.
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BY COMPUTER GRAPHICS

November 1968

By

Frederick Hartmann

SPACE- DIVISION
NORTH AMERICAN ROCKWELL CORPORATION

B K
|




[ T —

SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

FOREWORD

This paper describes a new method of three-
dimensional analysis of weld defects developed at the
Space Division of North American Rockwell Corpora-
tion. The author would like to express his thanks to
several persons: to B.J. Huffman; who not only
designed and directed the constructicn of the shape
reconstruction computer but aiso contributed to other
phases of the problem; to Miss J. A, Brown and
J.H. Bosler, who performed most of the X-ray work;
to R. C. Setzer, who did a great deal of program-
ming and other mathematical calculations; and to
S. Young, Jr., and R. G, Poe, who carried out micro-
densitometric and other work.
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SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

ABSTRACT

A new process that gives a three-dimensional
picture of the shape and location of invisible discon-
tinuities (gas holes, cracks, etc.) in metallic or
nonmetallic materials has been reduced to practice.

Two X-ray filins of the defective structure are
taken from different angles, with a provision for
accurate registration between them. A standard wedge
of the same composition is X-raved simultaneously,
Density readings —obtained from microdensitometer
scans at given intervals—are converted into thickness
values, with a correction for scattering if necessary.
The resulting data are digitized and put on tape. This
is fed into a specially built 'shape reconstruction com-
puter, " which, by means of a novel superposition algo-
rithin, computes for each scan the cross section of the
defect and displays it on its cathode ray tube. Tape
feed, computation, and photography of the CRT display
4 take only a few seconds. A series of cross sections
3 yields a three-dimensional picture.

Samples of sheet aiun. ~um and welds containing
defects were analyzed in this manner. Very good
agreement was obtained when computer-derived
pictures of shape and location of the defects were com-
pared with photographic enlargemants of the sectioned
samples.
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INTRODUCTION

Faultless welding, under the best of circumstances, is no simple task,
For a large structure, and particularly one used in manned space flight, its
problems lie at the boundary of present technology. Integrity of welded
junctures is of such concern that large amounts of effort and money are spent
just for inspection, repair, and re-inspection.

For most defects —porosity voids, incomplete penetration, incomplete
fusion, longitudinal oxide folds, etc. —acceptance or rejection of the weld
depends on the type, size, and location of the faulty areas. Since a single
X -ray film shows only the projection of a defect onto the x-y plane, it gives
only limited information on these three characteristic features. Inspection
of the fiim tells little about the depth of the defect and nothing about whether
it is closer to the outer or inner surface of the structure. Occasionally two
pictures are taken to locate, by triangulation, the z distance of some ill-
defined part of the defect. Almost nothing, however, is known about its
three-dimensional shape.

Many advantages could be expected from a precise three-dimensional
picture of defects obtained through non~destructive testing. First, there
would be a saving in repair costs from the knowledge of where to start the
repair work and how far to go. Next, there would be the berefit of differen-
tiating between a defect in a non-stress region {(where the weld may be
acceptable) and a stress region (where it has to be rejected). There also
would be the possibility of finding a crack underneath a harmless gas hole.
There are probably other shape-specific features that would permit a redef-
irition of the accept-reject criteria in sharply defined terms. Adoption of
the new criteria, together with routine three-dimensional measurements,
would lead to a better assessment of the integrity of a2 welded section. The
resulting combination of higher reliability and lower repair cost woula be a
notable advance in welding technology

This report describes a novel method which yields the desired three-
dimensional Gescription of the shape and location of voids, inclusions, and
other defects. Accurate densitometric records of two X-ray pictures of the
defect taken at known angles are obtained for selected planes (profiles) of
the defect. From these records precise location limits of the defect can be
read off aimost immediately. Density data are converied into metal thick-
ness values along two directions; a novel superposition algorithm combines
the thickness values into a picture of the cross section of the defect. A
special-purpose ‘‘shape reconstruction computer' —built to use the
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superposition algorithm—is fed a tape of the digitized data, Within a few
seconds it computes and displays on its cathode ray tube the desired cross
section of the defect for each profile pair. Several cross sections yield a
three-dimensional description. As test cases, several defective aluminum
samples and welds containing flaws were X rayed and analyzed.

B T LI A

The method can be used easily with other materials and in other tech-
niques. Instead of filmed X-ray records one could employ, for example, a
system in which 2 beam of collimated gamma rays scanning the sample
sequentially is measured by scintillation counters and either recorded on
magnetic tape or fed directly into the shape computer. Other forms of
directed energy (e.g., neutrons, ultrasonics) could be used to map properties
. of an unknown sample by the correlation of two or more signals obtained after
. absorption, reflection, refraction, or scattering. While the present investi-
gation deals with metal voids and inclusions, other structural features in
metals and non-metals can be determined. The application to medical radi-
ology (bone density and bone shape) is obvious and was actually the starting

point of this investigation. The extension of the method to othex techniques
and materials wiil be handled in later reports.
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SINGLE-FILM RADIOGRAPHY

The method of obtaining quantitative data from a single X-ray film
combines the technique of ordinary industrial or medical radiography (see
Reference 1) for x-y information with that of film densitometry (Reference 2)
for z data. Figure 1 shows the essential features of the method.

Figure 1A depicts schematically the X raying of an aluminum block
(with a hole) and a calibration wedge of the same material. It is conveunient
to use a coordinate system with the origin at the left lower corner of the
block; the x direction is thus from left to right of the figure, z represents the
thickness, and "'profile' refers to a given y value. This coordinate system
remains firmly anchored in the block even though the latter may be moved.

The developed filim is shown in Figure 1B. Using an X-ray tube with a
small focal spot and a film with a fine-grained emulsion and a steep charac-
teristic curve (blackening versus logarithm of relative exposure), one obtains
a picture of good definition and sharp contrast. Scattering effects must also
be low {this is true for aluminum of not more than moderate thickness).

Figure 1C shows in schematic form the recording made by a densitom-
eter at the profile (y plane) B)Ba. Curve Cp to Cg shows the film density
obtained in the recording. #Block and wedge reduce the intensity of the X-ray
beams, largely through absorption. Under ideal conditions and for mono-
chromatic X rays, the fractional reduction is proportional to the narrow beam
attenuation coefficient, p, and to the layer thickness, dz,:

_a

= pdz

Ordinary X rays, however, emit a whole spectrum of wave lengths
which, together with secondary effects (geometry and buildup factor), pre-
vent the determination of the thickness z through integration of the equation
(Reference 3). In lieu of theory, an experimental internal standard (e.g., a
wedge of known thickness) is used and the unknown is compared with this
standard in the hope that differences in geometry do not seriously influence
the results. In Figure 1C the calibratic:. wedge produces a gradual nonlinear
density reduction between C4 and Cq. The wedge also corrects for density
changes due to film development and other factors.
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Figure 1, X Rays and Pbotographic Density

Comparing lines of equal D value, one finds that the block has a thick-
nesa z4 outside the hole and zg at the center of the hole. Maximum hole
depth thus equals zg - 2g. Figure Z shows, 92 a larger scale, the graphical
construction (inversge function formation, which is easily computerized) by
which all hole {or thickness) dimensions in the neighboraood of point C3 of
Figure 1C can be found., In Figure 2A, the density record cf the calibration
wedge C4 to Cp of Figure 1C has been changed from a D-x to 2 D-z plot. The
density of the sample near the hole iz shown in Figure 2B as the D-x densiom-
etrt recording, Figure 2C gives as the result of 2 simple construction
{dash2d lines) the curve T,(x), the sample thickness in the z direction as a
function of x, Asasuming that the sample has a uniform external thickness,

T, max, the shaded area indicater hole thickness,

This shaded area is the total information on the hole cross-gection at
the plane B} B, that may be obtained from single-film densitometry. It
points out the fundamental limitations of the method, In the first place, it
says nothing about the location of the hole along the z axis (i.e., whether it
is near the upper or lower face of the block). Secondly, an infinity of shapes
is consistent with the skading. The shape may be au elliptical void, or a
void hiding = crack, as shown in Figure 2D, Finally, two or more separate
voids whose combined thickness (for eachk x) equals that of the shaded area,
are consistent with the rasults shown in Figures 1B, (C, and 2C. To
describe the holes in terms of location and shape, a different approach is
needed,
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Figurec 2. Transformation of Optical Density
to Sample Thickness
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THREE-DIMENEICMAL X-RAY MAPPING

SUPERPOSITION QF TWO FILMS

Th~ee-dimensional mapping by X rays, described for the first time in
this report, is based on the correlation of densitometric information from
two or 1eore X-ray films taken at an angle to each other.

The process is the equivalent of photozrammetry, a method of terrain
mapping with the aid of iwo or more photographs. A single photograph,
representing the mapping of space through a central prcjestion onto a plane,
yields only limitad dimeusional informaticn, In photogrammetry, two or
raere such central projeations—usuzily photographs taken from an airplane—
are combined into & map that contains separate terrain {x, y) features,
contowr: lines (z), etc. The combination process, essentially a linear trans-
formation {Reference 4;, is performed by special drafting machines first
developed in Cermany in the 1920's, More than 80 percent of all maps in the
U. S. are aow prepared ir thkis manner.

The image-~formation process for X rays is, unfortunately, totally
different from that for optical rays. In lieu of sharp shadows of objects, one
obiains only density gradations which follow complicated absorption and
photographic interaction laws; the comparatively simple linear transformation
is pot valid at all.

To illustrate the new X-ray mapping process, the same example as
in Figure 1 {the block wich hole plus standard wedge) will be used. The first
X-ray film is tuken as before. For the second X-ray the block (but not the
wedge) is turned on its left side (i.e., on the y-z plane so that the X-rays
are now paraliel with the x axis). The density of the developed film is
recorded for the same y profile (the plane determined by B} B2) and yields
a graph Co to C (not shown) similar to Cp to Cg of F1gure 1C. From this
graph the thickncss of the block in the x direction, Tx(z), can be determined
as before for all values of z. A convenient arrangement of the two thickness
functicns together with the object that they describe is given in Figure 3.

Figure 3A shows schematically a cross-section of the block taken at
profile y=Yo» With an invisible clliptical hole near the lower right corner.
‘jgure 3B, repeating Figure 2C i ina downward manner, gives the thickness
of the block in the z direction, 'I‘z(x), while Figure 3C shows in a similar
manner the thickness in the x direction, x(z) The length unit is the same
in all parts cf the figure.

SD 58-986

S e s e Sra———— - —_— .

B

R A TR T R 0 SN Kb i et e+ o Srmraenmens et o

L b T b I a0d A v bt e

Wkt utn Ratskoradty B

vl A b o bk D ke v

S AR R i SIS i T Db ottt st s




e e il

SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

T2 00 Y

Figure 3. Three-Dimensional Location of a Discontinuity

The spatial location of the hole—or rather its cross-sectional limits at
the plane y=yo—can nov be read off immediately., The sudden change of
thickness, Tz(x) at points I and J locates the left and right limits at x; and
x2 (dashed lines); similarly K and L determine 'z and z;. A characteristic
rectangle, DEFG (dashed lines), is thus defined, the sides of which are
tangents to the hole ih'the x and z directions.

Although the location limits of the hole are very easily determined. its
shape is a more formidable problem. Hole thickness, T, in each dimension
is given by the diiference between maximum and actual thickness,

To(x) = T o - Tz(x) and Txlz) = Tx 0" - Ty(z), and is thus shown as the

; inversion of the curves IMJ and KNL, respectively. The situation is illus-
trated on an enlarged scale in Figure 4, which is restricted to the dimensions
of the hole. The problem, now one of pure geometry, can be stated as

: follows: '"Given the thickness values of a closed curve in two perpendicular
directions, determine the perimeter of the curve. '

The difficulty of the problem liesin the fact that although at any level
(e. g., at zp) the curve thickness is given by the length Ty(zy), the location

SD 68-986
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Figure 4, Thickness Problem

of the end points P and Q is unknown. No generally valid answer to the prob-
lem seems to exist (References 5, 6) although approaches using power or
Fourier series coefficients look not unpromising. At this time, the author's
algorithm, developed in early July 1966, remains the only practical approach.

SHAPE ALGORITHM

The algorithm starts with an area which is proved to lie totally inside
the desired boundary and one or several areas outside of it. In a series of
converging steps the perimeters of inside and outside areas approach each
other until they finally merge. The solution may be obtained in a continuous
or discrete (digital) manner. The digitization process assumes a ruled grid
of sufficient fineness, in which the squares inside the curve are designated
as 1's and those outside as 0's, The input data, Tz(x) and Tx(z), are now
simply a series of numbers. It is furthermore assumed that the closed curve
has not more than two intersection points with any straight line in the x or z
direction (x-z convexity). To find the starting areas for the 1's and 0's, two
rules are used which are illustrated in Figure 5.
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Figure 5. Algorithm Rules

The basic rectangle of Figure 5 has the dimensions 7 x 6. In Figure 5A,
the input length for the third row is given as 5 units. Counting from the left
and from the right side, one has an overlap of three units. The central
three squares must be ""occupied' while at this stage nothing else is known
about this row. This rule of overlap, applied to all rows and columns in
which more than half of the length is occupied, leads to the formation of the
initial inner core.

Figure 5B shows that Column 4 calls for a total of two length units,
one of which has already been found in the step of Figure 5A, Since the other
must be immediately above or below, the three remaining squares in the
column must be 0's. Applied to all rows and columns in which previously
proven l's were found, the initial outer (zero) areas are defiined. Alternating
row and column search for 1's and 0's will gradually increase both areas
until all squares are occupied. The zigzag boundary between 1's and 0's
forms the digitized version of the desired perimeter. Figure 6 shows inputs
and solution of the problem illustrated in Figure 4 on a grid size 11 by 11.

For cases where no start or no end of the algorithm can be found, one
arbitrarily assumes a 1 (or a 0) in a square and carries on until either a
contradiction or a solution is found. Although sometimes more than one
solutiorn is possitle, it is believed that the use of a finer grid will usually
lead to a preference of one over the other result. If serious doubts remain,
an X ray taken from a third direction will remove the ambiguity.

- 10 -
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Using the above two rules plus others, the algorithm was programmed
for computers and several sample problems were solved in a few seconds’
computer time (Reference 7).

The solution given so far holds for a rather restricted problem. It
depends on a set of consistent thickness data obtained from two 90-degree
X-ray pictures of a homogeneous material with a single convex void. In the
following paragraphs, these restrictions will be removed, partial or complete
solutions of the extended problems will be described, and, where no solution
exists. the direction of future research indicated.

INCLUSIONS AND COMPOSITE MATER:ALS

g If the defect consists of an inclusion (e.g., an oxide or precipitated
material whose composition differs fromn the parent metal), the superposition
algorithm can be applied in a slightly :modified form provided the external
dimensions of the piccc are known. One prepares two standard wedges, one
of inclusion material ‘wedge angle @ ) and one of parent material (anglep ),
with a base of equal size. The wedges are put on top of each other in such a
manner that the thickness of one material (inclusion) changes only in the
x-direction, that of the other (parent) changes only in the y-directica.
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Standard and sample are X-rayed simultaneously. Plotting lines of equal
density and of eaual total thickness of the standard wedge on one chart makes
it easy to calculate the unknown thicknesses of the inclusion and parent body
and thus reduce the problem to the case treated before. Details are given in
Reference 8.

OBLIQUE ANGLES )

In metallurgical and medical applications it is often impossible to take
X-ray pictures at a 90-degree angle to each other, either because the
material thickness becomes too great or because of an interfering structure.
It is very fortunate, therefore, that method and algorithm can easiiy be
extended to any angle. In taking two pictures with an oblique angle to each
other, one may either keep each film perpendicular to the direction of the
beam or have at least one film deviate from perpendicularity, The latter
technique is, for example, advisable for a large cylindrical structure to
which one likes the film to adhere closely no matter what direction the X rays
came from.

Attention has therefore to be paid to the angle that the films make with
the direction of the X-ray beam. Calling the angle between the perpendicular
to a film and the X-ray direction 8, Figure 7 illustrates a case in which 0 is
0 degree for Film 1, and 45 degrees for Film 2. The sketch shows the same
near-elliptical hole that was used in Figure 6.

While the area unit in the 90-degree case is a square, it is a rhombus
of angle 90- 6 in the general case. (Thl!s rhombus, although its sides are
1 unit long, has an area of only cos 8, which is the reason that the sum of
the thickness values in Figure 7 is much larger than that of Figure 6 (115 cos
45°= 81). The greater number of readings, T,(x), on Film 1 of Figure 7 is
due to the type of graph paper used: distance between vertical lires is
cos 0 = G.707, instead of 1.) On Film 2, on which the distance between
readings is 1 unit, each value of T45(z) refers to the number of unit rhombi
of area cos 8. The number of readings in each direction (m x n) yields a
Ybasic parallelogram, "' ABCD, the sides of which are tangents to the
unknown shape, The algorithm—applied to the rhombi—proceeds as before.

NONCONVEX AND MULTIPLE SHAPES

Work is presently being done to deal with problems of nonconvex and
multiple shapes because of their frequent occurrence in the two main fields
of application (cracks, generalized porosity, kidneys, vertebrae, etc). In
the case of a kidrey-shaped hole, for example, it is usually possible to split
the thickness data curves into an ''outer' and 'inner" part and solve for each
part separately. A similar solution applies to double holes which are only

-i2 -
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partly separated. The methods are greatly simplified and possible ambigu-
ities removed if a third X ray is added and made part of the calculation.

Further investigation is obviously needed for cases of general porosity,
a frequent occurrence in metallurgical and hiological sgecimens. Since the
average density of a porous region is lower, one may, as a first approxi-
mation, consider all holes as a single uniform region and reduce the problem
to the two-region, low-density inclusion case,

INCONSISTENCY

Inconsistency is a pervasive difficulty in the analysis of three-
dimen3sional structures. It may occur as the result of at least three condi-
tions: (1) deviations from the single convex shape that the original algorithm
dealt with; (2) the digitization process (round-off error); and (3) experimental
errors. Very often, two or three of these conditions occur simultaneously.

An example for Condition 1 was given previously, the nonconvexity of
a kidney-shaped figure. Condition 2 is illustrated ir Figure 8. For a grid
size of 3 x 3, experimentally derived thickness values (for internal midpoints)
are shown in Figure 8A. If one rounds them off in the usual manner. Fig-
ure 8B shows a double inconsistency. Figures 8C to 8F show four ways to
change the inputs to obtain consistency under the assumption that the original
data were 1, 2.5, or 2.5%, The changes necessary to obtain consistency
{i.e., to obtain a closed figure) should be made within the limits of experi-
mental error, If there are several inconsistent input data, the least total
change, perhaps in the form of a £ (A2) function, to obtain consistency is
desired.
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Figure 8. Inconsistency of Data Duc to Digitization
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)

No syatematic way is presently known by which inconsistent input data
can be made consistent through a minimum total change—at least not in cases
of multiple inconsistencies. A trial and error method carried out by an
experience operator with good judgment, however, will give near-optimum
results. Since multiple inconsistencies occur in almost all practical prob-
lems, a fast reacting man-machine system must be designed to obtain
reconcilation of input data. It is largely for this reason that a special-
purpose computer with a direct display was built. It permits rapid changes
of input data, with a completely new result in a second or so.
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SHAPE RECONSTRUCTION COMPUTER

The shape reconsztruction com:puter was designed and developed by
B. J. Huffman, It was fabricated in the Communications and Control Labo-
ratory of the Space Division's Laboratories and Test section of North
American Rockwell Corporation.

The requirements for the computer were:
1. Implement ba -ic algorithm Ly high-speed computation.
2. Display input data and reasults on a cathode ray tube (CRT}.

3. Permit computation to proceed either corxtinucusly or, for better
understanding, in steps of various size.

4, Show incornsistency (if present) by interrupting computation process
and flagging location,

5. Provide {or easy change of input data.

6. Permit growth capability to include opt..num resoiuticn of incori-
sistency, two- and three-region computation and display, and
automatic transformation from density to thickness.

The shape reconstruction computer (Figure 9} procesaes digitized thick-
ness data to determine unknown cross-sectional shapes and display them as
areas of intensified dots. It consists of a special-purpose digital data
processor, a 4096-word, 24-bit core memory (24 core planes), a cathode
ray oscilloscope, a punched tape reader, and power supplies.

A detailed view of the data processor control panel is shown in
Figure 10, Toggle switches for seiting the matrix size {up to i28 bty 128} and
entering input or preset data occupy the bottom row. Controis for core plane
information display, proven ! or 0 entry, column, row, and program preset
and program advance ave provided for in the second row.

The data processor consists of the control panel, eight plug-in circuit
cards, and input-output connecters, all mounted together on an aluminum
chassis. Each circuit card has room for 90 14-lead integrated circuit

- 17 -
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pickages. The integrated circuits are flip-flops and gates, Banks of flip-
flops are irterconnected with gates to fvrm counters, decoders, and control
logic circuitry fcr the memory, cathode ray tube, and control panel,

All data proces 1., ..¢ps are controlled by the program counter. The

program counter state is displayved in the top center of the processor panel
(see Figure 10).

The computation proceeds in two stages. In the first, the input data
are stored and the first region of proven 1's (obtained through overlap) is
obtained. This stage is not repeated. In the second stage, the first outer
(0) zcne and the next inner (1) zone are described and the information is
stored. The steps of the second stage are repeated over and over until the
process ends. As long as a cycle produces new proven 1l's or 0's, a flip-flop
activates a new cycle. Cycling ends when no new 1's or 0's are produced.
The computation process will stop for three possible reasons, clearly
distinguishable on the display tube:

1. A unique solution has been found (no bianks left; all elemenis
are either 1l's or 0's).

2. Some blanks remain.

3. Input data are inconsistent, either by themselves or as a deviation

from basic rules (e. g., in cases of nonconvexity), which is indi-
cated by an intensified display spot.

If the display shows some remaining blanks, a 1 or 0 is tentatively
entered at one of the blanks and cycling is continued. In actual problems,
the occurrence of genuine multiple solutions seems to be rare; however,
most actual problems show a moderate number of small inconsistencies.

Ar inconsistency, due to the occurrence of a proven 1 and a proven 0
in the same location, results in the stopping of the cycling process. Simul-
taneously, the spot where it occurs is intensified, and the state of the pro-
gram counter (displayed in the front panel) indicates whether the inconsistency
is due to an excess or a deficiency and whether it occurs in a row or column.
Correction of an inconsistency is performed by changing the input data of the
line involved. After correction, the cycling process may be resumed.

Display of two or three regions is accomplished by solving the regions
separately, storing the first result (largest region) in one core plane, the
second largest region in another core plane, and displaying these regions
with the smallest region, which is stored in a third core plane. To display -

-19 -
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several regions, one alternates bright and dim areas, Figure 11 (based on
actual X-rays), shows the cross-section of a finger perpendicular to it3 axis,
with areas displaying flesh, bone, and marrow.

To obtain thickness data from views.other than 90 degrees zpart, a
skewed display is required; examples are given in Figure 18.

Figure 11. Three Regions (Flesh, Bone,
and Marrow) in Finger Gross-Section

=21 -
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SAMPLE CASES

MATERIALS AND PROCEDURES

o AT Skttt alDstE

To test the validity of the method several simulated metal flaws were
machined out of aluminum 2014 sheets; standard wedges of the same material
also were prepared. In other cases 2014 welds made with the 2319 filler and
containing gas holes were used. X rays of samples and standards were taken
at 0, 45 degrees right (R), and sometimes 4% degrees left {L). For each
sample, a microdensitometric record of a specific y plane (e. g., plane 4, :
Figure 12) was obtained, with great care being taken that the same plane be
scanned on each film. As a rule, several y planes wer2 mcasured. Using
the density record of the filmed standard wedge, calibration curves of optical
density versus thickness were calculated. From the calibration curves the
final input data—thickness dimension of the flaw in each direction—werec
obtained, digitized, and lape fed into the shape reconstruction computer.
After reconciling the data the CRT display of the computer-derived cross-
sections was photographed on Polaroid film. The samples were then cut
at the recgistration plane, photographed, and measured. Finally, for better
compariscn, the Polaroids were either superimposed on the photographic
pictures of the actual cross-section of the flaw at 15-fold enlargment and the
error between measured and computed shape and location determined, or a
visual comparison at 25-fold magnification was made.

oy

W A BT E 0t

Out of the samples prepared, X rayed, and scanned for density, one
is described below in detail as an example of the procedure. Dimensions
of the sample are given in Figure 12, The flaw was prepared by drilling a
hole of approximately 3/32-inch diameter at a 45-degree angle into a
3/16-inch sample. Any plane for which y = constant (for example, plane A)
thus yields a flaw with an elliptical cross-section. The X rays were taken at
90 kilovolts and 4 mA with an exposure time of 90 seconds. The tube was a
Dunlee beryllium window type with a nominal focal diameter of 0. 4 millimeter.
Sample and standard were kept flat on a lead vinyl covered table, with a
distance of 36 inches between focal spot and film, Eastman Kodak's M film
was developed by hand at 68°F for 6 minutes. A lead strip at the edge of the
5 sample was used as a registration mark to define the distance of planes A,
B, and C for all views.

M i A

The films were scanned in GAF's automatic recording microdensitom-
eter, Model 4, A strip chkart recorder continuously plots radiographic
density values as the film is scanned. To simulate conditions of a very small

-23 .

SD 68-986

G A i




LAk

SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

SAMPLE

1.0046 IN,
PLAN VIEW
E3
e N\
NN
r SN, e ewme o e— \
1897 A
IN. (u)_ —— D NN
{ Ez
&y
ELEVATION

MATERIAL Al 2014

Figure 12, Dimensions of Sample
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flaw, a microscope magnification of 254 was used. The aperture was made
quite small; the effective scanning spot on the film consisted of a circular
area of 10-micron diameter. Travel and chart speed were such that a linear
x- magnification of 33, 8 was obtained. This factor was carefully checked
and found to be quite constant.

Figure 13 shows a graph of the density of the flaw and its neighborhood
in plane B at 0 degrees X-ray angle. The amount of noise is not excessive
for the very small aperture and includes a small amount of scattering. This
scattering is part of the general degradation due to unsharpness that any
photographic film shows. It is usually dealt with in terms of spatial frequency
response or modulation transfer function (References 8, 9, 19, 11). Densityis
0. 41 in the background and 0. 93 at the center of the hole. These and other
density values are obtained by drawing a smooth '""best' line through the data,
The flaw as measured between the two vertical lines in the x direction is
0. 140-inch long.

To evaluate the depth of the hole one uses the wedge calibration curve,
the relevant part of which is shown in.Figure i4, With the wedge dimensions
changing in a linear fashion along the x-axis, thickness dimensions T° (x)
can now be assigned to each part of the flaw of Figure 13 with the aid of the
calibration curve,

A different calibration method was used in the two 45-degree films.
Figure 15 shows the pertinent part of the flaw densitogram for 45 degrees R
and Figure 16 the density of the right edge of the sample. As indicated by the
dashed lines E}Ej and E'zEZ of Figure 12, the layer penetrated by the X-ray
beam at 45 degrees changes its thickness linearly from ~2 x 0. 1897 inches
to zero. One thus has a built-in calibration, and no separate wedge is
necessary. The method was applied to 45R a2nd 45L densitograms and the
corresponding T(x)45R and 'I‘(x)‘ﬁ"L values obtained for all parts of the flaw,
Length of the flaw between AA' and BB is 0. 1715 inches in both 45-degree
directions.

The three thickness curves (T°, T45R, and T45L versus x) must be
digitized before a combination of any two of them can be used for shape
calculations. Assuming a unit length, u, of 0,00318 inck, one obtains a
54 by 44 unit parallelogram with sides of 0. 00318 inch and 0.0045 inch fer
the 0 and 45-degree case, and 38 by 38 unit squares (standing on a corner)
of 0.00318-inch length for the 45R and 45L case, To digitize the data, for
example, for the 45R, 45L case, one divides the total length of 0. 1715 inch
into 38 equal parts, reads (at the center of each part) the corresponding
T value (on a scale of unit length u = 0. 00318 inch) and rounds off all data to
the nearest integer, [T]. Table 1 shows the raw readings, T{x) and the
integral round-off values [T] for the case of plare A. (The data for plane B
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Figure 14. Radiographic Density of Calibration Wedge (0°)

- 26 -
SD 68-986

RTE

o
[
(

-




R IAA ARSI LA LS )

] W g,

(d.6¥%) @1dwres jo
98pd ya1y jo weadoyisusag °*91 2an3rg (d.6¥) uoiday 12939Qg jo weadojisusg °GI °an3ty

o e e — — v = e m— .O]llull v . o - vl — g .°l.bo
. e n.m et 2 O . T T T s T T TR L L, n..
® P - S e . . R S Sy M . -
v m— . 1 T

v © ememen = egmems -

o~ ———— —— s e § - -_— —— - T

I IIIT ’ a LT I T AT L -lrll”mh - -

. ——— - e - - e n e mepe— - et 4 4 e e s L

.d...,lllllll c e m, -.rul.o.tl - ...|J..| - g— .i,... - & o 420

s m —————— ¢ v—a e reen ol e————

1
i
i
!
|
i
!
i
I
1
|
i
|
SD 656-986

|
]
i
1]
!

i
)
Lt
1
1
]
i
||!
!
.i
i
i
|1
1
i
1
i
1
I
I

p—— -~ om = e e e .- em

rum e e = mweme w—_ s e —

(S " Y S R

-
- v - - -
- g e - PR | - e m— — - - il
e e = -— - . -

== N S
/.wai.o..._...l..s”-- ., mv !.J.l-f-

ARRAR

i
!=
L]
||iél :
.’T;!:f
bl
|
[llii
1l
5.1
ar’ﬂ
o

SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION
i
HH
[
op
|
°
I8}
l
¥
i
1
{
s 13
f |
i
B3
1{
i
|
i

l
Y | Y
T =t s e N N9t 40 suwin - b m.

Do T T T GNOARS 123 23) — e —
S SVt -IWW\HI. e — — — —
R v R LT — T




i o A G

T

T

SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

Table 1.

Thickness of Flaw, Plane A, at 45°L and 45°R,
in Terms of Unit Length u = 0,00318 inch

X
(Unit §) T45L T45R [T45L Reconcitiation | [T45R] | Reconciliation
1 10.7 9.9 11 10
2 16.1 14. 6 i6 15 (-1)
3 19.2 18.0 19 18
4 20.5 21.1 21 (-1) 21
5 23.4 23.2 23 23
6 25.3 25,3 25 25
7 26.9 26.8 27 27
8 28.3 28.3 28 28
9 29.7 29. 6 30 30
10 30.9 30.6 31 31
11 31.6 31.4 32 31
12 32,4 32.3 32 (+1) 32
13 33.0 33,1 33 33
14 33.7 33.7 34 34
15 34.3 34,3 34 34
16 34,7 34.9 35 35
17 35.0 35,1 35 35
18 35,2 35, 4 35 35 (1)
19 35,3 35.6 35 (+1) 36
20 35.2 5.6 35 36
21 35.1 35,5 35 35 (+1)
22 34.9 35.2 35 35
23 34,6 34,8 35 35
24 34,1 34,2 34 34
23 33.6 33,7 34 ; 34
26 33.v 32,5 33 33
27 23, 32,1 32 32
28 31,5 31.4 32 - 31
29 30. 6 30. 4 31 - 30
30 29. 4 29.3 29 29
31 27.8 7.8 28 28
32 25.8 26.0 26 26
33 24.2 24. 6 24 25
34 22.2 23.0 22 23
35 20,0 20.8 2 21 (-1)
36 17.0 18.1 17 18 (-1)
37 13.5 13.8 14 14
38 7. 7.3 7 7
Total 1058.4 | 1059,7 1059 (-1 1059 {-1)
- 28 -
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are almost identical.) The rounding-off procedure includes an equalization
to 1059 units of the slightly different sums of the T values,

RESULTS

To obtain the unknown shape of the flaw, the three combirzations of
any two sets of [T] data were punched on tape and fed into the computer. In
all cases, inconsistencies prevented an immediate solution; using the partial
solution and the location and type of the inconsistency indicated by the pro-
gram counter state of the computer at the moment of interruption, the
operator would change the input data and continue to the next interrumntion.
By a gradual process of reconciliation, a consistent shape eventuaily would
be found which showed only minor discrepancies with the original input data.

Table 1 shows the changes needed to obtain consistency in the 45R,
45L example. With 10 changes of 1 unit each (indicated by the figures in
parenthesis), the sum of all adjustments is less than 1 percent of the total
area, In the two other combinations (0 and 45-degree views), the number of
changes (each of 1 unit) to obtain a consistent shape was about 1. 5 percent
of the total.

These low values are possibly due to the fact that the defect was quite
large and the existence of a smooth cross-sectional shape could be assumed.
The 10 to 15 changes per pair can be effected in many different ways, indicat-
ing many tiny variations of the periphery of an essentially weil-defined shape.
The number of multiple solutions could, however, be reduced if all three views
could be simultaneously checked for inconsistency. In any case, the problem
requires more investigation.

It was quite easy to determine the location of the flaw within the bar.
As Figures 13 and 15 show, the beginning and end of the flaw are well defined,
even at 34-fold magnification. Using the densitogram to show the distance
of the two marginal rays of the defect from a brass marker, a simple parallel
line construction permits the placement of the characteristic parallelogram
{See Figure 3) within the bar. The original densitograms are too long {about
a yard) for reproduction, The location data were also digitized, put on tape,
and the computed hole and bar photographed as a two-region display.

As an example of the complete location and shape of the flaw, crosgs-
section A was analyzed from all three views. The computer-derived pictures
of the defect were photographed directly from the CRT on Polaroid film. An
example is shown in Figure 17A, a computed view of the defect from 0 and
45-degree data. To compare the computer results with reality, the sample
was sectioned at plane A and a photograph of the section taken (See Fig-
ure 17B). Part of Figure 17B was further enlarged to about 15 times original

-29 -
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A, Computer Picture of Defect

From 0° and 45°R Data

B. Sample Sectioned at Vertical
Plane A (3X)

C. Sample

L4

Center With Defect (15X)

{Burr at Left Edge Due to Sectioning)

Figure 17, Three Views of Cross-Section A
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size. This pari{ is shown in Figure 17C, where the upper and lower limits
cf the picture indicate the corresponding limits of the sample. For better
comparison the computer-derived Polaroid pictures (e.g., Figure 174)
were photographically enlarged and superimposed upon the picture of the
sectioned plane A of Figure 17C, The long axis of the ellipse gave an almos:
periect match; counting the dots along this axis at 0. 00318 inch each, any
difference between actual and computed length was found to be leass than :
one dot. As to the depth of the flaw, Figure 18A, 18B, and 18C show actual H
and computed shape while Figure 18D gives a comparison of beth shape and
location within the sample. {The dots in this picture represent solid
aluminum while in the other three comparisons they represent the hole. The
fact that no dota appear in the left uprper and right lower part of Figure 18D
1s due to tize small size of the computer memory.) As tha pictures indicate, :
a high degree of accuracy has been obtained for both shaps and location.

The difference beiween actual and computer flaw may be expressed
as the percentage of dots misplaced (i.e., as the sum of the absolute values
of deficiencies, D, and excesses, E, expressed as a fraction of the actual
area):

Computed

I

OB 08 ARG £ ) s S PRI s AR R P 5 s EAkR )

aRARAR 22 B 1 Rfa ek

This is a rigorous test: even a perfectly computed flaw shape, if displaced

in any direction, would cause a considerable error. Conversely; small error
values, particularly if distributed over wide parts of the total contour, g
indicate cnly minor deviations in botk shape and location.

artsh st 31

TR AT TN

There is no noticeable ertvor in the location of the defect within the
sample. The shape errors (expressed as percentage of misplaced dots) for
the three views are:

Mgt o

l 0° and 45°Kk l 0° and 45°L, I 45°R ard 45°L

Error (percent) I 1.5 2.8 l 1.1

ittt S S s » v s v

The high accuracy of the results is partly due to the fact that the
cross-secticns of the flaw was known to have a smooth perimeter {making
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interpolation easy) and partly that a large hole inside a thin piece of
aluminum gives a high signal-to-noise ratio.

TR

muwnu!ullmi!illﬁllliﬁului!!!%iﬂli&‘llfiﬁwgmmﬂﬁm&mw{mﬁwﬁ"mwi

= . WELD SAMPLES

Several pieces of welded aluminum containing gas holes have been
subjected to the same analysis and verification procedure. One example,
2 Sample No. 26, an approximately quarter-inch weld section of parent
2 material Al 2014 and filler, 2319, is shown in Figures 19 and 20. All
pictures refer to cross section D, going essentially through the center of
E the flaws, Figure 19 shows the metallographic section in a 10-fold enlarge-
ment; Figure 20 the leit upper part of this section in a 25-fold magnification.
Figure 21 is a computer-derived view of the same cross section obtained
from 0° and 45° R X-ray films. Each dot corresponds to 0. 0015 inch.
There is again almost no error in the location of the five flaws; fidelity,
however, is not quite as high as in the previous example because of the
irregular character and the overlap of several holes. For example, the two
small gas holes to the right were not resolved, due to the noise inherent in
5 regular X-ray film and shown in the densitogram of Figure 22.

TN}

AHITITNHITRATRIE

iy

Later experiments with Kodak's high-resolution plate show higher
accuracy (through less grain noise), obtainable at the e:tpense of larger
exposure times. Figure 22 is a densitogram of the defect region of Sample 26
at 0° incidence, used as one of the two computer inputs from which the
computer-picture shown in Figure 21 was obtained. The noise in this densito-
gram is many times greater than that of Figuce 23, a densitogram of another
sample (No. 27) taken with high-resolution plates.
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Figure 19, Weld Sample No. 26:
Metallographic Section at
Plane D {10X)

. ‘
Figure 20, Upper Left Part
of Figure 19 (25X)

Figure 21, Computed Shape and
Location of Flaws of
Sample 26 {25X)
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Figure 22. Densitogram of Defect Region,0°, of Weld
Sample 26, Plane D {Based on Kodak R film)}
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Figure 23. Densitogram of Defect Region, 0°, of Sample 27,
Plane G {Based on Kodak High-Resolution Plate)
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"SUMMARY

Theory and experiment show that, under certain circumstances, it is
possible to obtain cross-sectional pictures of the location and shape of
invisible flaws in metals from two X-ray films taken at angles tc each other.
A special purpose shape reconstruction computer has been built and several
sample cases tested. DSatisfactory agreement between actual and computer-
derived photographs of the defects has been obtained.

A great deal of further work has to be done to advance to the computa-
tion of unknown small defects in fairly thick welds of irregular cross section.
This work is now in progress, especially along the following lines:

1. Automate and digitize the work of noise averaging and calibration.

2. Develop a computer routine to deal with inconsistent input data in
an efficient manner.

3. Reduce the effects of scattering and film granularity by analytical
correction methods; incorporate later into the computer routine.

4. Develop theory and practice to deal with nonconvex and multiple
defects, :

5. Develop an algorithm for simultaneous three-angle superposition.
6. Experiment with a number of actrval flaws of various shapes,

inclinations, and iocations in weldments of different thicknesses
and materials,

- 37 -
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The basic airframe in the new generation of the aircraft are being
guaranteed for 20, 000 hours of service life, Little factual data backs up the guar-
antee on the bonded joints, A small amount of background data has been developed
in Europe by several aircraft operators but there is still a vast amount of work to
be done in this area, The Fokker Bond Tester with its capability of being able to
discern the cohesive strength of the glue line in terms of actual psi provides an
ideal means of building this data, The curve of degradation is already available.
The only need is to apply a time base, The bond tester system also has the capa~
bility of providing a permanent record in several data forms, With this data avail-
able, it should be relatively straight-forward to build up basic information on joint
strength to be later checked during service with the same instrument. This same
instrument can also serve as a screening test for void and delamination, The
fundamental nature of bond-line failure is still somewhat hazy, but we have the
advantage with this system of being able to correlate bond tester response with
actual bond-line strength, Figure 1 and Fipure 2 illustrate the type of data backup
developed by the various aircraft companies.

These curves have been developed based on actual test specimens with
correlating bcnd tester readings, There is little service experience with respect
to the deterioration of a bonded joint during extended environmental fatigue cycles.
Certain military specifications establish a number of tests which give some indi~
cation but these results are not absolute values.

The bond-line strength is a function of bond-line thickness, porosity,
and other factors which vary as a result of manufacturing tolerances, The Fokker
System can give the strength in terms of relative values which can be correlated
with curves as shown in Figures 1 and 2, The philosophy is a resonant frequency
system whose concept is purely mechanical, It, in a sense, applies a vibratory
force through a bonded joint and the resulting dampening or attenuation of the vi-
bration medium is read on a meter.display, A number of major aircraft companies
in the United States have developed this system to a finite degree where they can
anticipate the actual strength level of the joint within a very close degree.

The new modified epoxy adhesive systerns in use at the present time are
under intense development and this information will be available when the new air-
craft reach the user. One must recognize the fact that as in all areas of develop
ment, as the technology moves forward, the demand becomes more rigorous.
Take for example an automobile tire of the 1920's when thirty to forty miles an
hour was about the nominal spesed, Compare this with the automobile of today
where seventy miles an hour is legal, and eighty to ninety miles an hour on the
open road is not unusual, Think of the infinitely greater stress and strain applied
to the modern tire as opposed to the tire of the 20's, The ground rules that
applied ''way back when'' are no longer valid considering modern aircraft vs.
the aircraft of only a decade ago, Landing speeds then were fifty to eighty knots
maximum. Modern jet liners land at one~-hundred knots plus and, in addition to
this, they carry anywhere from five to ten times as many passengers and cargo.
Air gpeeds are upped three to four times, The control and inspection of the various
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components must advance accordingly., Part of this requirement has been anti-
cipated by the Fokker System, Whether in realization or accidental, the facts

are there. Since methods were developed that could read the glue-line strength
reliably and a system of recording is provided with storage and recall capability,
it is possible that the airline operator may, five or ten years from now, use the
same instrument that read a joint during manufacture, With a record of how it
started out and a means of checking it during service, a picture of its performance
will begin to emerge., Some degree of this work has been done in England but only
to a limited degree. The data at the present time is being compiled on aircraft
such as the 747 and others to give the capability of being able to develop some
backup data on joint durability,

We are not talking here about simple unbond and delamination, We are
discussing the life of a well bonded joint where the strength gradually is reduced
as a result of the rigors of service life. The bond is subject to all manner of
deterioration factors such as vibration, radiation, electro-static discharge,
moisture, chemic<l attack and heat, It is known for certain that these condi-
tions contribute to the deterioration of a glue line, The only needed information
is, how much a-d Lhow fast, With information from the aircraft manufacturer on
the actual strength of the joint when the airplane left the factory, and coupling
this with a means of identification (part number and location) the task should be
greatly simplificd with the use of the Fokker System. The airline operator then
must set up a test program based on some frequency and on some sampling basis
that will least interfere with the aircraft operation schedule, Essentially, this
program will be broken down into two phases (1) should be a screen test to rapidly
determine delamination or unbond as its principal objective (2) should be the more
detailed inspection considering the bond-line deterioration, The Fokker System
can be utilized for both phases.

In addition to the Fokker System intended primarily for both quantitative
and qualitative information, the Shurtronics Corporation offers a second unit called
a harmonic bond tester, This device can rapidly scan any given area particularly
with respect to honeycomb to give a ''go' and '"no-go' indication. A unique advan-
tage of this system is that it does not require a couplant nor does it require actual
contact with the surface., This device can easily be used in beoth lap shear and flat~
wise tensile inspection to provide the screening test, This unit is called a Shur-
tronics Harmonic Bond Tester, Essentially, this puts out an energy pulse that
vibrates the top surface of the joint. The degree to which the joint vibrates is an
indication of its attachment. In other words, if it is completely loose as in an un~
bond, the maximum signal level will be attained. Adjustment levels are provided
on the fact of the instrument. Its degree of resolution can be adjusted to detect as
little as one cell unbond in 1/4" honeycomb, (See Figure 4-Harmonic Bond Tester)

In summary, industry as a whole is offered a means of controlling
structural bonding, It is evident that certainly no one instrument is going to give
the full picture, It is also evident that a great deal of ground work is yet to be done,
The next decade of development hopefully will see the soiution to many of these prob-
lems. In the meantime, many agencies, both private and government, are engaged
in intensive engineering development to provide the answers,
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In this modern scheme of things, many systems are presented for non-
destructive testing of adhesive bonds and composite structures. Included is the
""coin tap method, " In general, all of these systems have worked well in one in-
stance or the other. The success or failure of any system falls, to a degree, within
the skill of the operator or the control of the Q. C. system., In all instances, it is
relatively costly to inspect anything, Therefore, the attitude of management is very
important, One system or the other has worked where the need was great and the
requirements ideal, Other systems have worked to a much lesser degree where
the atmosphere has been less tolerant or cooperative,

In the early days of structural adhesive bonding, there were few systems
available since there was only a small amount of bonding being accomplished. In
the last decade there has been a tremendous increase. New and different systems
have been advanced as fool-proof schemes to do the necessary inspection. Exor-
bitant claims have been made by some instrument manufacturers based on success
in one small area,

Experience has shown that one single system cannot satisfy all the de-
mands of inspection. The same reasoning applies to a mechanic carrying a box
full of tools. No one tool is capable of doing the entire job regardless of its
versatility, Early systems developed around through transmission and pulse
echo satisfied themselves by simply looking for unbond and void areas. In fact,
in some instances, this "go' or "no-go'! type of inspection was entirely adeguate.
With very few exceptions, the American aircraft manufacturers have not beea
involved in primary structure bonding, Companies that have bonded aircraft to
60% or 70% of the total assembly will readily admit that until recently, they have
not considered total structural bonding, The explanation is simple; in every case,
there has been a mechanical fastener backup to take over if the bonding failed,
The only true primary structural bonding accomplished to date, in the United
States, has been the various helicopters and the Fokker F27.

With the concept in mind that future aircraft will undoubtediy have more
and more bonding and this bonding will be in the area of basic structure with little
or no mechanical backup, something more will be needed in the way of inspection
during fabrication as well as in service. No longer will it be sufficient to simply
check for voids and unbonds. A means will be required that will predict both
quantity and quality of the joint during the building and service life. The widely
used "go'" and '"no-go'' inspection method will have to be relegated to the categories
of "screening test only. "
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The aircraft operator as well as the military have set some rather
stringent long-range durability requirements on these new aircraft., More rig-
orous standards have been established for the control of the adhesion, Hopefully,
development in technology will produce an instrument that will give both quantity

as well as a quality reading non-destructively, Within the philosophy of bonding, the
adhesion must zlways be greater than the cohesion. The "T" peel test used by the
manuiacturer gives this information by sample cont:ol. It is considered that this

is representative of the actual part. Some experience has indicated that there are
problems of long-term adhesion faijlure that cannot be preéicted. Almost in every
instance some form of surface corrosion has been preseat. Intensive studies are

under way to overcome this problem, The total solution may just be around the
corner.

In the meantime, a means of testing the other factor of bonding control
has been developed to a fine art, Cohesion can be tested non-destructively for
values of both quantity and quality., This capability is offered by the Fokker Bond
Tester System. Many of the major aircraft and missile companies are using this
system at the present time, Approximately ten years of development have gone
into this to date to furnish a wealth of backup data, The Air Force has established
a specification control izsued under Federal Standard 175 and Military Specifi-
cation 860, (See Figure 3 - Fokker Unit)

Beyond the basic requirement for the aircraft manufacturer to exercise
control during manufacturing, there is a need to provide a permanent record for
every Londed element shipped, The perraanent record must give information by
part number, location, and actual strength reading. The airline operator has a
somewhat different need; he must have a means of follow-up. There is the require-
ment to check the bonding on a periodic basis to monitor its degradation. The
philosophy of predicting failure in basic metal structure parts has been under
consideration for a long time., Certain dramatic strides have been made in terms
of strain gage application and other sensing devices. Correspondingly, all struc-
turzl elements have a potential fatigue life. Considering bonded structures, the

need is to have a curve of degradation so that the rate of deterioration can be
anticipated.

Aircraft of a few years ago simply did not have the need for this type of
inspection, Essentially, they belonged to the "Model A'* days of aviation, Their
flight hours were not extensive, they flew when the weather was good, and rela-
tively long periods of layover was generally the way the industry worked, Five-
thousand flight hours on an aircraft structure then might take years to achieve.
Today!s aircraft with their high degree of sophistication and their relatively high
cost must essentially fly all the time., They are, in a sense, a transpoxtation
factory. Just as a factory on the ground must produce economically, so must
the aircraft produce. With virtually around-the-clock flying in good weather and
bad, an aircraft must now stand 20, 000 or 30, CO0 hours for a safe operating life.
It is fairly evident that the aircraft of the future will have more and more bonded
sections, Their nature will change from secondary to primary structure. With
this in mind, some means of monitoring becomes a must,
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ABSTRACT

A wnique approach to nondestructive evaluation of the physical proper-
ties of nonmetallic composite materials is described., An intuitive discus-
sion of the dielectric properties of composite materials is presented to
theoretically support the approach used. Fresnel optical characteristics
of the power reflection and transmission in the microwave region ars util-
ized as parameters for measuring variations in density or porosity of the
material. Measurements were made using a swept frequency microwave system.
Shift of the critical points (minimum or maximum) of the response appears
to be linearly related to density/porosity variations and thickness varia-
tions of the material in the range of interest., Correlation of the non-

: destructive microwave data was cbtained by destructive Jensity measurement

and photomicrographic data showing porosity content of the composite.

The technique is applicable to nondestructive evaluation of the com-
posite structures which provide access to one side only, provided that they
are bonded to or in contact with a metallic substrate. Wwhen both sides are
accessible, through-transmission techniques using the same principle are
applicable., A novel technique (Martin Marietta “"MAGNEMIXKE", pat. pending)
is used for measurement and correction of thickness variations which could
otherwise mask density measurements. A nomographic calculator has been
developed for application of the thickness corrections which cculd other-
wise mask density readings. Advantages and limitations of the method are
discussed.
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INTRODUCTION

In the manufacture of most multiphase structural composite systems
such-as reinforced glass-resin composites, control of fabrication tech-
niques and process variables is not sufficient to assure that density/
porosity variations in the finished product fall within acceptable limits.
Nor can random destructive sampling be relied upon to indicate the degree
of homogeneity within the structure. To alleviate thig problem, Martin
Marietta initiated a program to develop a nondestructive technique for the
evaluation of density/porosity variations in the finished composite struc-
ture using a swept frequency microwave system.

Causes of Porosity

Density/porosity variations are caused by material and process vari-
ables such as glass-to-resin ratics, fiber pre-impregnation wettability
characteristics, and variations in cure pressure, time, or temperature.

In the case of rhenolics, silicones, and melamine resins, polymerization
involves the evolution of water and requires special procedures for deal-
ing with this problem, e.g., time must be allowed in campression molding
‘to permit the water to cutgas during the cure cycle. Incomplete out-gas-
sing of the water during the cure cycle, as well as the other variables
mentioned abowve, can cause a porosity condition to develop in the material.

Effects of Porosity on Mechanical Properties

The presence of pores in a structure will cbviously reduce the cross~
sectional area exposed to an applied load, and in addition will act as
stress concentrators. The results, in turn, reduce the rupture strength
and modulus of elasbicity of the material or structure. However, because
of the cemplex multighase composition of most reinforced composite struc-
tures, porosity effects must be considered on an empirical basis., Not
only is there no satisfactory mathematical model for porogity in these
complex structures, but the situation is further complicated by the fact

that it is impossible to completely isolate the effects of other import-
ant variables,

The effects of porosity are also very pronounced in ceramic composites.
Fores are assumed to have zero Young's modulus. The work of Ryskewich({l)
indizates that the strencth (o} decreases exponentially with increasing
porosity for ceramics and is related in the following manner:

7 =0 exp{~-rV}

where n is in the range of 4-7 and V is the volume fraction of porosity.
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A small volume porosity of 10 percent has been cbserved to reduce the rup-
ture strength to approximately half that of a non~porous material. The de~
crease in fractional elastic moduli with an increase in the volume fraction
of pores has been shown by Coble, Kingery, Kerner, and McKinney.,

The shape of pores is also important. The stress concentration varies
considerably, from very high values with elliptical shapes oriented in a
direction in which the major axis is at right angles to the stress axis,
to relatively low values with fine, rounded pores. (3) Angular pores also
serve as microcrack initiators under applied stress.

RELATIONSHIP OF DIELECTRIC PROPERTIES TO
PHYSICAL/MECHANICAL PROPERTIES

An intuitive understanding of the molecular processes related to
dielectric and mechanical preperties of composite matexials is a very
important factor not only in the establishment of failure modes, but also
in the logical selection of techniques for nondestructive measurement of
physical characteristics and mechanical properties of these materials.
Obviously, the intermolecular arrangements as well as the nature of the
molecules in polymers and glasses will necessarily determine many of their
physical and electrical properties.

Dielectric Nature of Polymers

As with simple low molecular weight organic compounds, polymers are
divided into two groups. First, there are non-polar polymers, struc-
tures in which there are no permanent dipole moments. These generally
have fairly low dielectric constants practically no dielectric loss and
very slight.frequency dependence on these qualities. Examples are poly=-
ethylene and polytetrafluorethylene (Teflon). Second, the vast majority
of polymers have structures containing permanent dipoles and many exhibit
dielectric dispersion (frequency-dependent dielectric constant and loss)
superimposed on- atomic and electronic polarization. WMost of the struc-
tural plastics of interest to the Aerospace Industry are in this group
of polar materials. The breadth of the digpersion regions of polar poly-
mexs is generally much greater than observed in simple compounds and much
greater distribution of relaxation times must therefore be postulated to
account for the observations.

Not only are thorough studies of dielectric dispersion of‘polymers
over a broad-frequency range extremely scarce, but it is a fact that due
to impurities or multiple dispersion regions that are generally attributed
to multiple phases or modes of dipole rotation, few polymers exhibit di-
electric dispersion vncomplicated by conductance., Although studies of
this nature are quite incomplete, efforts of many investigators in recent
work on mixed systems involving co-polymers and polymers mixed with fillers
have given new insight into polymer molecular physics. Although a theo-
retical treatment of this area is much too detailed to discuss here, a few
facts concerning the mechanical and dielectric relaxation will be mentioned
to serve as a basis for the application and interpretation of microwave
enerygy to composite materials studies.

B L R RN N AT "!

et e o

%?‘ﬁﬁ?z:‘ﬂmi?m”&ﬁiumﬁ?akﬁ:uious&%.-‘;!:‘m.um;amm;wmm Y




The molecular relaxation process in polymers which gives rise to dielec~
tric relaxation also gives rise to mechanical relaxation. This can be char-~
acterized by the shear strain response to a sinusoidal shear stress of unit
amplitude, This is usually a complex quantity, J* = J' + iJ". The real part,
J!' is analogous to €', and the imaginary part to " of the complex permittiv-
ity (e = €' + ie"). The mechanical logs tangent J"/J', is analogous to the
electrical loss tangent. In view of this phenomena, the mechanical and die-
lectric relaxation of polymers can be represented conveniently by plots of
J', 3", €', or e" as a function of frequency or temperature.4

In these graphical relationships, J' and €' usually appear on sloping
nonlinear functions of frequency and temperature, whereas J" and ¢" {loss
tangent) usually have peaks and valleys as a function of frequency and tem-
perature, The frequencies at which these changes occur are dependent upon
the molecular structure and also upon the macro-structure (porosity content,
etc.). Because of the theoretical relationship between modulus of elasticity
and relaxation time of a material, the relationship between porosity content
of a material and its modulus of elasticity is theoretically explained as
well as empirically verified for many materials.

Dielectric Nature of Glasses

Under the direction of von Hippel at MIT a large number of materials,
including many glasses, have been measured for both loss tangent and e'.(5)
Morey has also made extensive studies of the dielectric properties of glass. (6)
For quartz and fuzed quartz glass, Morey(6) shows an almost completely linear
relationship between €' and the density of the glass. €' is a direct measure
of the polarizability per unit volume. The denser the material the more
electrons and ions there are to polarize. Density, in turn, is calculable
directly from composition. Therefore, €' should vary smoothly with compo-
sition changes., However the rigidity of the structure is quite important,
since it affects the ionic polarizability, which in turn affects the complex
permittivity.

stevels (7) (8) (9) (10} (11) has made major contributions to our under-~
standing of the dielectric properties of glasses., He divides the relaxation
vhenomena into three parts: conduction losses, dipole relaxation losses,
and deformation losses. Conduction losses are considered negligible above
100 hertz. Dipole relaxation losses are apparent at wvery low frequencies
and then fall to near zero in the kilohertz region.

Deformation loss is a term used to describe even more limited motions

of atoms in glass. The maximum deformation loss occurs at about 10}3 hertz
at room temperature, Deformation losses can appear at low temperatures in
the kilohertz-megahertz region, but at high temperatures they have moved up
in frequency leaving a minimum near 106-108 hertz, Vibration losses occur
at frequencies from 1010 and above.(4) This loss results from the fact that
all the atoms in glas$s can vibrate arouné their equilibrium positions at fre-
quencies that are determined both by their mass and by the restoring force
in their potential well. Whenaver the applied electric field alternates at
a fregquency near that of one cf the constituent atoms, the atoms are excited
to high resonant amplitudes and cause high dielectric losses, This vibra-
tional loss is one of the most important losses which can affect the swept
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frequency spectrum in the X~band and Ky~band of the microwave region and is
strongly dependent upon the microstructure and macrostructure of the glass.

Since the compiex permittivity and the complex shear stress constant

are related to both the molecular structure and the macro-structure of com~
posite materials, it is entirely logical to utilize microwave and ultrasonic
energy to study the structure of these materials, Moreover, since there is
a wide variation of both the real part and the imaginary component of the
complex dielectric constant as a function of both frequency and the materiax
structural properties, it is evident that the studies are significantly en-
hanced by swept frequency capabilities.

THE SWEPT FREQUENCY MICROWAVE PROGRAM
FRESNEL REFLECTION AND THE COMPLEX POWER RELATIONS

Based upon the inter-relationships of dielectric properties, mechanical
properties, and phvsical characteristics of camposite materials, Martir
Marietta has developed a unique approach to the measurements of density/
porosity variations in unidirectional and bidirectional reinforced composite
materials using swept.frequency microwave techniques. Figure 1 shows a
typical system for thé reflection mode and Figure 2 shows the same basic
system for the through-transmission case.

The basic theory behind the approach is tco cumbersome to deveiop in
detail, but a limited explanation of tlie theoretical basis of the technique
for the through—~transmission case is presenteda in the ensuing paraaraphs.
The reflection case is based upon the same concepts, except it is a little
more complicated,

The through transmission system is shown in Figure 2. The signal inci-
dent upon the test part is continuously swept from 8.2 to 12.4 GEz or from
26.5 to 40 @iz, The amount of power reflected or transmitted from the fiyxst
and second interface of the material for any specified frequency (and there-
fore wavelength) is related to the power reflection or transmission coeffi-
cients as shown below for perpendicular polafization where p is the reflec~
tion and T is the transmission coefficient,{(12)

=y {1 - exp (~2¥Lo-2iY¥)]

3 (L
1 -r exp (-2¥lo-2jY¥)

I € rz) exp (~YLo-3¥)
1 - 22 exp (~2¥10-23¥)

(2)

%

where Y = electrical thickness = 2_‘;@, (-2— - sin20) (3)
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€
(;—) tan 6
o

Lo = atteanuation due to loss
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r = Fresnel (interface) reflection coefficient =

1 +ﬂ/E;'- iLy

& - sin® ©

€ = equivalent dielectric constant =

cos2 0

: (;—0 tan §

i ) = reactance due to loss = 2 1

2
2 cos Gf (%—) - sin2 (c)]

[
]
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; o
i ) = incident angle measured from normal
- d/A = thickness of specimen in wavelengths
9 tan 6§ = loss tangent
s/eo = relative dielectric constant of specimen,

T

The important facts readily discernable from the above relationships are:
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i 1 The power reflection and transmission coefficient, equations (1) and
: {2), and therefore the amount of power reflected or transmitted at a
;
H
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specified frequency is a function of Fresnel's reflection equations,
the electrical thickness of the specimen, and the attenuation due to
dielectric loss.

3 : 2 The Fresnel reflection as well as attenuation due to loss are, in

3 : turn, significantly affected by variations in both the real part (e')
3 ; and the loss tangent of the complex permittivity of the material,

] ’ which is in turn relatable to density (porosity content).

jw

The electrical thickness, equation 3, in *urn, is dependent upcn the
3 t physical thickness of the material and the real component of the
3 ) relative permittivity of the material.
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Data Disglax

The reflected or transmitted power as a function of frequency is dis=~
played on an oscilloscope as shown in Figure 1. As the frequency spectrum
is swept for any given test specimen of a specific thickness and complex
permittivity, there will exist some point on the spectrum in which the maxi-
mm power will be reflected or transmitted., This point will appezr as a
minimum (or maximum) depending upon the polarity of the detection system,

Moreover, the pwwer spectrum will gradually taper off on each side of
the minimum as the frequencies (and therefore wavelengths) become more and
more wsuitable for optimum power reflection. Therefore, the power spec-
trum gives the appearance of a resonance peak. Sophisticated scopes are
not required for the display system. However, it is recommended that a scope
with a vernier-type expandable X-scale and a Y-scale expandable to one milli-

volt per centimeter be used.

An X-Y recorder such as the HP-Moseley 7035A also proved to be sufficient
to display the data. The chief limitation of the recorder is that time must
be allowed for the recorder to trace the frequency sweep across the page
with adequate resolution., By comparison, the scope instantaneously displays
the response shifts.

Test Specimens

Bidirectional reinforced Narmco 4085/2 test specimens were fabricated,
The material was basically fabricated from high-silica fiberglass tapes pre-
impregnated with a nitrile-modified novolac phenolic resin, The reinforce-
ment tapes were laid up at a 30 degree angle from normal. Variations in density/
porosity were created by functionally varying the cure temperature and pres-—
sure, The specimens were then machined to a uniform thickness to isolate
the thickness variable from the functional density/microwave relationship.
Properly cured specimens of the same material were later used to determine

the thickness function.

NDT Measurements

The system was assembled as shown in Fiqure 1. All measurements were
taken with the specimen in contact with the waveguide to minimize angle-of-
incidence variations and quide-to-~sample distance variations.

Measurements of the shift in frequency of the Fresnel minimum as a func-
tion of density/porosity on the 9 samples are shown in Figure 3. Specimens
A, B, C, and D shown in the figure were subsequently sectioned and photo-
micrographed. The porosity gradations are shown in Fiqure 4, Destructive
density measurements were made for correlation purposes.

Results

Results indicate that, within reasonable limits likely to be encountered
in a production operation, the shift in the Fresnel minimum is linearly re-
lated to density/porosity variations in the test specimens. The shift due
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to density/porosity variations is attributed to the resulting changes of the
complex permittivity (dielectric constant and loss tangent), and therefore,
the index of refraction of the material.

Further tests also show the shift of the response to be linearly related
to thickness changes in the range of interest. Although thickness functioms
must be generated for each kind of material tested, a typical thickness func-
tion to illustrate linearity is shown-in Fiqure 5.

Thickness Variations

Since the shift of the response minimum is related to physical thickness
variations, it appears on the surface that slight thickness variations could
mask the shift due to density/porosity variations. Martin Marietta has over-
come this problem by using a magnetic field thickness gauge, the Magnemike*,
(developed and patented by Martin Marietta) which will very easily determine
the thickness nondestructively from one side access only. When this tech-
nique is used in conjunction with the microwave measurements, the shift in
the Fresnel minimum can be readily coxrected for thickness wvariaticns on the
producticn part.

A typical oscilloscope readout suitable for production purposes is shown
in Figure 6. Go-no go limits can be marked on the scope and when the density/
porosity falls out of the specified limits, the item would ke rejected.

Since the shift of the Fresnel minimum is a linear function of both thick-
ness and density/porcsity variation in our range of interest, a handy slide
rule has been develop=d to quickly convert a thickness deviation as read on
the Msonewixe into an appropriate Fresnel shift correction. The slide rule
is illustrated in Figure 7.

CONCLUSIONS

1. Definitive relationships between density/porosity variations and the shift
of the Fresnel critical point using swept frequency microwave techniques
have been established., These relationships are linear over an appreciably
wide range.

2, A functional xelationship between thickness variat:ion and Fresnel shift
has been established, which is sufficiently linear cver the range of
interest,

3. Thickness variation can be compensated for by use of the Magnemike and a
slide rule nomograph.

*7he Magnemike was developed by William R. Randle of Martin Marietta. Fur-
ther information can be cbtained from the Martin Marietta Corporation Con-
tracts Division, Orlando, Florida.
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4. Depending upon the production requirements, varying degrees of automation
such as closed loop thickness corrections, etc. can be implemented into
the system,

5. The swept frequency technique offers significant advantages over fixed
frequency, microwave bridge, and other techniques hecause of instantaneous
display capability, its wide frequency coverage, its numerical measure-
ment capability, and because it is more readily adaptable to the testing
of a finished product.

6. The X, ~band (26.5 to 4C Ghz) provides more definitive results for density/
porosity variations than does the X~band (8.2 to 12.4 GHz).

FUTURE WORK

Although the investigation during this program was conducted uging one
material, it is recognized that the swept frequency technique is equally
applicable to a large number of composite dielectric materials having vari-
ous construction geometries, Future efforts will be directed toward using
the technique with a variety of applicable materials. Efforts will also be
directed toward refining the geometry of the system and the test set-up to
enhance the actual testing of production items with greater ease and effi-
ciency.

The results of this program have firmly established the feasibjility of
using swept frequency microwave techniques for the nondestrictive measure-
ment of physical property variations in composite materials, and it there-
fore conclusively adds swept frequency microwave to the family of ncndestruc~
tive testing techniques.,
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ABSTRACT L
- . § This paper presents the approach taken by The Boeing §
E o Company, Vertol Division, in providing an integrated =
E o Quality Assurance Plan for an Advanced Geometry Com- -
= posite Rotor/pPropeller Blade Program. Included is a 3
S detailed discussion of the nondestructive test (NDT) g
- : plan containing specific applications that will be g
E used to control the quality of the rotor blade through- §

out the fabrication process. In addition, examples of

: existing inspection systems utilizing the recommended
- NDT methods is given to demonstrate their suitability
' for vroduction application. These include:

E Inspection of Rotor Blade Honeycomnb Box :
3 : Assemblies for Voids Utilizing Infrared i
= H Technigues.

1 Inspection of the Internal Quality of Rotor
3 . Blades Utilizing a Semiautomatic X-Ray Sensitive
: ] vidicon/Image Intensifier System.

Inspection of the Bond Quality of Rotor Blades
Utilizing a Semiautomatic Tape Controlled
Ultrasonic System.

ST I Uy

Inspection of steel spars utilizing magnetic
e ! perturbation techniques, new approach in non-
3 4 destructive inspection.
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NONLESTKUCTIVE INSPECTION
OF
AN ADVANCLELC GEOMETRY COMPOSITE
RO'FOR/PROFELLER BLADE

INTROLUCTION

Significant performance improvements in rotor/propeiler
blades can be realized by proper utilization of composite
materials. The Boeing Cowpany‘'s Vertcli Division is en-
gaged in very amoitious reseazch and d=velopment programs
to improve the performance of VTOL ané STOL aircraft.

One of these programs involvee the design, construction,
and flighkt evaluation of an advanced geometry fiber
reinforced composite rotcr blade. The program includes
the use of several different fiber reinforced materials.

One of the most important tasks in the uwtilization of
composites is the development of the nondestructive
ingpection capability to assure that the hardware to be
tested is of known quality. Some of the most challenging
effort comes not in the selecticn of what noandestructive
technigue to use, but in the mechanism necessary for
practical applicetion of that technique to the complex
structure of a rotor/propeller blade.

This is a discussion of the approach taken at The Boeing
Company's Vertol Division in the Jdevelopment of a ncn-
destructive inspection capability and an outline of sgome
of the more interesting nondestructive inspection methods
and systems utilized in quxlity measurement of advanced
Boeing Helicopter rotor blades.
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BLADE DEVELOPMENT

4

|

i

In the early phases of aircraft development, a variety of
materials; such as, wood, metal, and fabric, was used for
rotox/propeller blade construction. Since early helicopter
designs were limited by the power plants available, it was
necessary to design the rotor blade for maximum perforrance,
and the literature covering the period from 1908 to 1945
shows a great variety of gecnetric rotating airfoil designs.

o o ki AP ot A DA

: E The materials available to the early designers had many
5 - problems. For example, maintenance difficulities and
geometric and balance variations, as a result of inade-
guate weather resistance, preved to be major operational
problems; but those materials did allow the designer a
wide latitude in selecting the geometry he desized.
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In the 1950's, the development and availability of the

turbine engine, coupled with available metal alloys and :
3 fabrication techniques, drastically changed blade design :
= 3 concepts. Power became available, and mass production of

: reliable blades having closely matched properties of stiff-

= . ] ness, weight, and moisture resistance became the industry

= : goal. This approach, however, had its penalty. Gecmetric

= design freedom was lost. Metal working mass production

= technology forced the designer to create helicopter rotor

: blades with a constant chord, constant airfoil, and constant

- twist.

: The result has been an almost uniform limit on current
2 helicopter speed and performance. The problems of advanc-
c ing tip mach number and retreating tip stall, coupled
3 : with dynamic instability limits inherent in monolithic
metal, constant cross-secticn, rotating airfoils, re-
sulted in blade 1lift to drag ratios around 8 to 140 knots.
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Wind tunnel tests have showr that significant rotor per-
formance improvemenis can be realized through the selec-
tion of a rotor geometry in which the blade airfoil sections
progressively change along the radius to match each zone

of its aerodynamic environment. )

Fiber reinforced ccmposite materials currently available
to industry allow the designer to recapture the geometric
freedom of the past and design his blade to parform under
high power and load cenditions by varying the strength,
weight, and stiffrniess of his materials, thus controlling
dynamic response. In addition, he can tailor the blade
gaonetry to satisfy specific aerodynamic requirements,
and at the s2me time improve fatigue life and eliminate
the vorrosion problems inherent in metal structures.

In a flight and materials research program requiring a
limited number of blades, the compcsite blades required
can be produced with a much lower investment.in tooling.

PAST EXPERIENCE

The use of fikrous reinforced composite materials has b&%n
increasing rapidly in the past few years. Significant
progress has heen made since 1960 in the develcpment of
compcsite materials end their utilization in advanced
aerospace and aircraft structures.

The Boeing Company har- been closely associated with the
1se of composite mutarials in aircraft and aerosspace
structuces. EBxtensive practical experience has been
gained in such vehicles as the B-47, B-52, 707, 727,
Minuvteman, and CH-46/CHE-47 Heliccpters. The use oI
compcsites has steadily increased from a few pcunds on
the B-47 to approximately 7% percent of the airfrzme
weight on the 747 program and with a substantial per-
centage planned for the Light Intra-Theater Transport
{LIT).
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4 technology base has already been established at Boeing
for the application of glass~fiber reinforced composites
3 in the fabrication of helicopter rotor blades .nd other
k- structures. From 1954 to 1962, intensive research into
materials and fabrication techniques, backed up by com-
ponent and sample fatigue testing, was performed. Three
] E~glass fiber reinforced espoxy matrix composite rotor
k: blades with a 29.5 - foot radius and 25-inch chord, suit-
3 able for the CH-47 Chinook Helicopter, were fabricated
and have successfully completed 142 hours of whirl tower
: testing. Since then, Boeing has continued its efforts
‘E tc advance the technology of fiber reinforced composites.
‘, These efforts have included the design and fabrication
3 of 12 Advanced Geometry S-glass Reinforced Composite
\f (AGB) Rotor Blades. 1In addition, an Advanced Geometry
LL Rotor Blade Program, utilizing high modulus (boron)
filaments, is currently being conducted under contract
4 to the Air Force Materials Laboratory.

B The successful use of fiber reinforced composite materials
3 in helicopter rotor blades leads naturally to an improved
2 capability for a successful V/STOL propeller design. The
3 V/STOL propeller is, by nature, a high performance aero-

) dynamic system requiring design features which include

\f : - spanwise variations in chord thickness, twist and air-
foil section. It. aerodynamic requirements over “e
flicht range, from hover to maximum forward speed, re-

{f g presents a level Of design sophistication exceeding that
|

for current helicopter rotor blades.

y, 5 . ROTOR BLADE LOADING AND STRUCTURE

\f In order to fully appreciate the enormity and importanc-
\' of the nondestructive inspection job to be done, one m.:t
be awarz of the types of loads rotor blades "see" and the
3 ] ._ggneral construction of the blade. -

Rotor blades in service are subjected to a variety of
static and cyclic loads. These loads include beam,

3 centrifugal, torsional, and flapwise and chordwise bend-
’3 ing. Some of these loads are schematically shown as

‘ Figure 1.
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FIGURE 1
TYPICAL ROTOR RLADE LOADS
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The Boeing Company's advanced geometry composite rotor
blade is shown in a cut-away and sub-assembly sketch as
Figure 2.

STABILIZED

FIGURE 2
BLADE BUILD-UP CUT-AWAY

The main structural member, the spar, is a combination
unidirectional and crossply layup. The unidirectional
fibers provide the blade spanwise strength, while the
corssply or bias layup offers torsional stiffness. The
stabilized core is composed of aluminum honeycomb core
covered with a single ply of fiberglass as a stiffner.
During construction, the stabilized core is inserted in
the spar and bonded. This sub-assembly, after addition
of the leading edge weight, is then completely wrapped
with .fiberglass. A titanium or stainless steel nosecap
is added to provide erosion protection.




The above discussion has been greatly simplified and does
not include all details, but will be satisfactory for the
purpose of this paper.

Figure 3 shows cross-sectional construction views of some
of the composite rotor/propeller blades that are either
in use now or proposed for use in the near future.

e LR

< (@ TR

FIGURE 3

TYPICAL COMPOSITE BLADE CONSTRUCTION

Figure 4 shows the plan view of The Boeing Company/Vertol
Division advanced geometry composite rotor blade, and
Figure 5 shows a full scale model of a tilt wing composite
F propeller blade under development by the Vertol Division,




FIGURE 4 :
: BOEING ADVANCED GEOMETRY
ROTOR BLADE .

: "FIGURE 5
3 : BOEING TILT-WING BLADE MODEL
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NONDESTRUCTIVE INSPECTION CONSIDERATIONS

Nondestructive inspection technology has not been ad-~
vanced to the point where it alone is capakle of assur-
ing product quality. There are a number of variables in
the materials and processes used in composite structures
that must be very carefully controlled in view of non-
destructive inspection technology limitations. These
controls used in conjunction with available nondestruc-
tive inspections can go a long way toward assuring product
quality. All too often, industry tries to design and
build complex composite structures and then, upon comple-
tion, attempts to measure quality. Obviously, it cannot
be done and the result has led to a series of disappoint-
ments which have undoubtedly hampered the advancement

of application of composites to critical structures.
There is not, for instance, any reliable nondestructive
technique to measure bond strength. This can only be
assured through good process control and a nondestruc-
tive inspection for voids and/or unbonded (disbonded)
areas.

Bonded sub-assemblies must be nondestructively inspected
prior to incorporation in the end assembly. This situa-
tion can sometimes be a real problem from the contamination
standpoint. 1In some cases, this situation can dictate
hardware design and in almost all cases, affects both
prior and subsequent processing.

QUALITY CONTROL CAPABILITY STUDY AND NDT PLAN

The Quality Control Capability Study, originated at Boeing,
is one of the basic techniques used to assure that all char-

-acteristics of the design are considered in determining

design inspectability. This study is made concurrent with
design and, as such, any design and/or process changes re-
quired to enable measurement of qualitv can be easily
accomplished.

A typical Capability Study, shown as Figure 6, involves a
detailed breakdown of the design and processing to the basic
characteristics that must be controlled. The Study shown is

one that was performed for a 1:7 scale wind tunnel test blade.
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The Nondestructive Test Plan evolves during the Capability \
Study. This plan forms a guide for nondestructive tech-
nology development as well as a skeleton plan for hardware
inspection. Figure 7 shows the Nondestrucrtive Test Plan
that was developed for our Advanced Geometry Rotor Blade.
The Nondestructive Test Plans being developed for the
Boeing composite rotor and propeller blade prcduction :
programs are much more complete and take advantage of some i
of the nondestructive test methods, such as magnetic per- ;
: turbation, microwave, electric injection, neutron radio- :
: graphy, and ultrasonic longitudinal wave velocity which :
are in development in our laboratcries. The glan shkown

is not completed in detail, but it does illustrate the
general flow c¢f processing and the nondestructive inspec-
tion methods to be considered for use at each sub-assembdly
= phase. )

- SX~14569~1 SK-14568 SK-14580 SK-14573
SOCKET FITTING ROOT EXMD ZITTING| |ANCHOR FITTING 70% - SKINS
R ULTRASOWIC= ULTRASOMIC ULTRASOMIC VISUAL OWLY
3 i DIMESSICKAL DIMENSIORAL DIMENSIONAL
. H PENETRANT PEMZISANT PEMETRANT
L L T i ]
: ccag aoens SPAR LAYUP
] —{ DINEMSIONAL DIMEASI OSAL
ULTRASONIC ULTRAZGHIC
RADIOGPAPHIC
3 . r —_—t ——a
- ALTERMATE i SK-14570-1
lsmz-conz 0KD WOSE BAXCK
JprTrasomrc VISUAL-PCAM BOMD
: raoIoGRAMMIC- |
Lu__]leJ

FIGURE 7
NONDESTRUCTIVE TEST PLAN
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NONDESTRUCTIVE INSPECTION METHOD DISCUSSION
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The following discussion will treat certain of the in-
spection methods shown on the NDT Plan from both a con-
ceptual and actual standpoint.

Spar Inspection

‘the main structural member of the blade can be either a
metallic or a composite structure. For the purpose of
this discussion, we will assume that the metallic spar is
tubular and that the ccuposite spar is a sclid laminate
structure. From the nondestructive inspection standpoint,
we must be ccncerned with notch-type defects and inclusions
in the metallic structure and laminar defects and fiber
orientation in the composite structure. 1In adcition,
material conditions such as hardness and structure in the
wetallics and resin content and degree of cure in the com-
posites must be considered.

it s iainth i bbb AR

Magnetic particle, liquid penetrant, and ultrasonic tech-
niques have been accepted methods of defect detection in
wrought metals for several years. Recent developments by
The Southwest Research Institute have resulted in a re-
latively new inspection method called magnetic perturbation. .
The technique obviously is applicable tc ferro-magnetic :
materials only. This inspection technique is now being :
utilized on H-46 helicopter rotor blade spars that were

fabricated prior to the time that ultrasonic inspection

was incorporated in the H-46 spar production program.

Eddy current and ultrasonic techniques are under study

for use in establishing material phase condition in tit-

anium alloys. The following offers a brief description

of the ultrasonic and magnetic perturbation inspeciicn

techniques and equipment in use at Boeing for rotor klade

spar inspection:

3T ket M e 0§ ko sl baisbe ) Gttt B Dt B ntatih LY shacks § el B 2

Ultrasonic Inspection

TRk LA

Detection of very tight surface originating and inter-
nal material defects in CE-46 and CH-47 rotor blade
spar tuves is accomplished utilizing a four-directional
shear wave ultrasonic technigue.
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The inspection system, shown as Figure 8, consists of
a tank 45 feet long e¢quipped with a variable speed
bridge, a 4-channel ultrasonic system. and a tube bow
following transducer maaipulaior.

P RO AR R AL

FIGURE 8

ROTOR BLADE SPAR TUBE
ULTRASONIC INSPECTIOM SYSTEM

The rotor blade spar tube, Figure 9, is rotated at 108
RPM during inspection with a bridge speed set for a

1/8" per tube revolution index. The four transducers
are mounted in such a manner that shear waves are intro-
duced into the spar material in opposite peripheral

and opposite transverse directions. The bridge arrange-
ment is shown as Figure 10.

- 13 -
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Figure 1l shows the scope trace for an acceptable and
2 rejectable condition. The rejectable condition
shown is for a reference standard slot of .005" deep
and .100" long.

ACCEPTABLE
NOT
ACCEPTABLE
FIGURE 11
SHEARWAVE ULTRASONIC
SCOPE PRESENTATION
- 15 -
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Magnetic Perturbation Inspection

&

- Ve .. - . -
The fact that small laps, not detectable by standard
“ magnetic particle inspection techniques, could
possibly exist in the CH-46 rotor blade spars prompted
the development of a nondestructive inspection tech-
nique which is proving to be an advancement in the
state-of-the-art. The technique, magnetic per-
turbation, improved and refined by The Southwest
¢ Research Institute; in conjunction with The Boeing
s company, Vertol Division, is being applied to blades
that have been in service. The system is shown as
Figure 12,

e

Basically, the technique works as follows: When

an external magnetic field is applied to a ferro-
magnetic work piece, the induced flux in the metal
is dependent on the strength of the field constant,
any localized area of decreased permeability, such
as a lap, will offer reluctance to the flux, causing
£ it to seek a path of higher permeability around this
area. 1In taking this path, the adjacent flux lines
are displaced from their normal paths, hence the
name "magnetic perturbation". This displacement
affects the flux lines at the surface of the metal
and forces them to take a curved path, part of
which extends above the surface of the metal.

¥
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PROBE MEAD ASSEMBLY

o
I" g
\ "'
e
ELECTRICAL AND
ELECTRONIC CABINET

CONTROL PANEL

ROTOR BLADE MAGNETIC PERTURBATION SYSTEM

FIGURE 12
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This situation is depicted in a sketch shown as
FPigure 13. When a coil or Hall element probe is
roved parallel to the surface of the metal, it
will cut these "perturbed” flux lines both at the
point of emergence and/or re-entry, cauzing a
voltage to be induced in the probe. Measurement
and analysis of the voltage is the heart of the
magnetic perturbation technology. This technique
has been applied to the CH-46 rotor blade con-

. figuration. The system is designed for nearly

: automatic operation. The envelope is four feet
: wide by sixty-three feet long. Two moving carxr-
iages support the blade which is attached at the
tip weight studs and at the root end clamp band.
The blade is bridged (root end first) through a
magnetizing solenoid coil which is located at
the center of the envelope. The drive system
oscillates the blade from one end of the base

to the other at speeds of 250-450 inches per
minute, depending on the area of the spar b~ing
inspected.
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FIGURE 13
MAGNETIC PERTURBATION INSPECTION PRINCIPLE
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The probe carriage, shown as Figure 14, is canti-
levered cn the end of a 27' long support arm such
that it is positicned in the center of the solenoid,
and enters the I.b, of the spar at the root end, as
the plade is initially positioned thrcugh the sol-
enoid. Or-. the curviugs * . *a the spar, it rides
on the aft, or heel, su. i.. ...

FIGURE 14
MAGNETIC PERTURBATION
INSPECTION SYSTEM
PROBE CARRIAGE

1he probe assemblies contain various numbers of coils
and are mounted to the carriage with pre-loaded springs.
Lift off is accomplished by means of air coupling and
averages between one and two mils off the inside surface.
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Defects on the outside surface of the spar, sub-surface,
and on the inside surface are detected by this scan of
the I.D. The paint layer on the I.D. has negligible
effect on signal strength except where excessive paint
causes increazsed lift-off from the spar. 1If this
occurs, the malfunction alarm sounds and, after
analysis, the paint is removed.

No nmore than 10 ccils are scanning during any one
scan cycle. A scan cycle consists of one complete
round trip between scan limits and over the same
scan track. There are three conditions of read-
out analyzed and alarmed by the system~--- defect,
malfunction, and hi-level, The "defect" alarm is
triggered by a signal havring a voltage above a
preset standard. The “malf. nction” alarm is trigg-
ered by loss of background such as would occur with
axcessive lift-off or a broken coil. The *hi-level"”
alarm will trigger if excessive background should
occur which could drown out a defect signal. The
latter capability was added as a urecaution in the
event isolated spars would contain "different"”
permeabilitv levels. O©Of 25 spars :un at vendor
checkout no hi-level condition w&as experienced.
Under all three aforementioned conr::tions, the
machine stops, an alarm bell sounds, and an
identifying signal light comes on.

A manual or "record" mode is built into the unit
but this capability is not readily available to

the operator. The manual controls, whica are behind
a locked panel, permit qualified personn:l to vary
operating speeds, magnetism, and to recori signal
shape for analysis. The control console is shown as
Figure 15. Based on previous research data, signal
shape defines various characteristics of a defect;
such as, size, distance from the surface, type of
defect, etc. A typical recording of a .005" deep

X .100" long defect is shown as Figure 16.
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FIGURE 15

MAGRETIC PERTURBATION
INSPECTION SYSTEM
CONSOLE
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FIGURE 16
MAGNETIC PERTURBATION DEFECT SIGNAL
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The magnetic perturbation technigue offers a wide
range of oprortunity for nondestructive testing

of paramagnetic materials to a degree of sensitivity
beyond current capability. Within applicable limits,
resolution and definition are as good as, if not
better than, any other method of nondestructive
testing.

Radiographic and Ultrasonic Inspection

Penetrating radiation and ultrasonic inspection are
the most common nondestructive inspection methods
utilized for detection of laminar defects in solid
fiber-resin laminates. The incorporation of a dense
tracer fiber during lay-up is very helpful in deter-
mining uniform laminate structure. The tracer fiber
is readily visible on the radiograpnic film or imaging
device during normal x-ray inspection. Figure 17 is
a radiograph showing the lead silicate fibers incor-
porated during the lay-up of The Boeing Company's
Advanced Geometry Composite Rotor Blade Spar.

FIGﬁRE 7
RADIOGRAPH OF LEAD GLASS
STRANDS IN SOLID LAMINATE
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The detection of laminar defects and voids is of
paramount importance in the inspection of the main
structural member of the blade. Ultrasonic tech-
niques are the most commonly used for this inspec-
tion. We have selected ultrasonic techniques for
the detection of voids and laminar defects in the

advanced geometry composite rotor blade spar.

The

basic technique involves the use of a reflector

plate placed within the spar, Figure 18.

SPUR LEVEL IN X-Y
DIRECTION

TYPICAL A'SCAN
PRESENTATION

FIGURE 18
ULTRASONIC REFLECTOR CONCEPT
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The percentage loss of back signal reflection is
utilized for the detection of voids and laminar
defects. The part is immersed in water and in-
spected utilizing a 2.25 me-1/2" transducer.

Figure 19 shows an ultrasonic C-scan recording of

a wedge ranging from 1/16" to 1" in thickness, with
built-in laminar defects. Figure 20 shows a full
length spar being inspected using the reflector plate
concept.

Resin Content

Experience has shown that in the fabrication of fiber
reinforced structures, not enough is known about con- -
trolling process parameters to enable the production

of reproducibly uniform parts. Consequently, the
normal result is the production of hardware showing
considerable variability between and within similar
parts.

The strength and fatigue life of fiber reinfotrged
composite structures depend upon many factors. A
very important one is the resin/reinforcement ratio.
At present, this ratio is determined on process con-
trol specimens by burn-out analysis. Investigations
are being conducted to develop or define a nondes-
tructive test technique to perform this inspection on
actual hardware.

Two NDT techniques are being investigated, the beta
backscatter method and ultrasonic longitudinal wave
velocity. It has been concluded, on the results ob-
tained to date, that a good correlation exists between
the test results from both NDT techniques and resin
content.

- 24 -
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FIGURE 19

ULTRASONIC RECORDING
OF FLAT BOTTOM HOLES
IN A WEDGE RANGING
IN THICEKNESS FROM
1/16" to 3/4"
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Figure 21 is a calibration curve that has been gen-
erated by plotting the nondestructive test results
against resin content as determined by an average of
three burn-out readings per specimen. Regression
analysis for each set of points indicates that the
relationship is a linear one and can be accurately
represented by a straight line. The ultrasonic
longitudinal wave velocity measurement is the more
desirable of the two in that it represents the total
thickness of the part rather than just the surface
as is the case with beta backscatter.

Microwaves

Micrcwaves have been used for years in the field of
communications, but their application to nondestruc-
tive inspection is a relatively new technology. The
nature of microwaves is such that they may be suitable
for flaw detection, moisture determination, thickness
gaging, and many other material characteristics.

We are presently engaged in efforts, utilizing micro-
waves, to determine resin ccntent and uniformity,
measure material thicknesses from one side, detect
flaws, and determine "state of cure" of non-metallic
structures. Our work in this area is not far enough
along to draw good conclusions, but the literature
indicates that the use of microwave inspection tech-
nigques has good application in certain areas.

Core Inspection

The skin supporting structure for composite blades can
take several forms. In the case of the Boelkow BO 105
Helicopter Rotor Blade, the core is foam; in the case
of the Boeing Advanced Geometry Rotor Blade, the core
is fiberglass skin-stabilized honeycomb; and in the
case of the Marco blades in the Boeing V/STOL wind
tunnel, the outer skin is supported by integral ribs
and webbing.

- 27 -
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‘The amount of inspection performed on the foam core,

as a detail, is not extensive and may involve as

little as just penetrating radiation inspection for
voids and completely unfoamed areas. Development effort
is underway to utilize gamma absorption and microwave
technigues to determine completeness of cure, but
material and process controls are still the primary
basis for acceptance.

Integral stiffening does not result in skin support
details, therefore, inspection is performed on the
finished structure as discussed later in the text.

Skin stabilized honeycomb core, which is the outer

core support on the Boeing Advanced Geometry Composite
Rotor Blade, can provide some interesting nondestruc-
tive inspection applications. The primary area cf
concern is the presence of voids or unbond between the
stabilizing skin and the honeycomb. Both infrared and
ultrasonic techniques are candidates for this inspection.
Figure 22 shows comparative ultrasonic and infrared
recordings of a boron skin honeyconb sandwich panel.

anfrared Inspection

Infrared@ techniques are very good for this inspec-~
tion in that the stabilized core does not necessarily
become contaminated as is the case with ultrasonic
methods. Both the transient and thru-transmission
methods can be used. These two techniques are
schematically shown as Figure 23.
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FIGURE 23
INFRARED TECHNIQUES

~ 31 ~




il

AN L4 & A A

PR

il

L T

el T

£
E=
=
£
£
=
=.§’:
=
£
:E_
=
£
£
=
=
£
=
X
£
H
4
%
E
g
]
=
g
g
E
5

e ]

E R R U D T e

Al

AR

An example of this application is the Infrared Bond
Inspection System used for detection of bondline

voids in the CH-47B Rctor Blade Box, Figure 24.

The

system is a closed circuit video unit capable of gen-
erating and displaying a presentation of the normally
invisible infrared energy radiating from the material.
The radiation pattern from the scanned object appears
as a visible image, containing approximately 15,000
picture elements, on a CRT display unit.

FIGURE 24

CH47B RCTOR BLADE BOX

The System, shown as Figure 25, was designed and built
by Sierra Electronic Division of The Philco-Ford Company
to specifications supplied by The Boeing Company/Vertol

Division.

- 32 -

P - Pt e ot 4 T —— = it =
T —— P oS A e - T e = ElE

it

e

,.;..u..,..,.....‘...-i.n.a.1.u|z..mnnmu:mmllmifw|n;§iumggguwmuwww I




e YT PR

:

WALSAS NOILOEJSNI QEYIANI
gz JUNOId

3

|
i
3
7 L
|
|
I
|
»’
.
i
d
f
|
!
v
ram e
)
"
b
| s " " Cwv -
¥ v , z_‘i&,ﬁé.ﬁﬁ.f!.....,E.r.:.... nlw
. ) \ +
| »_ " .y Vi w e ow e vt -
‘ | i '
i !
AT e T TN IR TR TR R s SR e i Lt b sl b




LRUSN] '"'"‘"lllll"")!!Illll'l!l:“'ﬂ"jm"!'!""'llllYl’lI'ml”flll!"lflml”'lll‘:'l"l!lllWT!IMII!I!llﬂl!llllﬂll"’llmﬂlwllII!!IIIII[i'”"Il?I(u,-um JRUTE

* acceptable.

A thermal or infrared pattern is generated on the
front surface of the structure being inspected by
the strategic application of heat to the back and
side surfaces of the honeycomb box and the appli-
cation of forced air cooling to the front surface.
The zpplied heat is readily transmitted to the front
surface of the honeycomb box if the bonded joint ‘is
Cool spots on the front surface of the
box, which represent bondline defects, are readily
detected and are presented for analysis on the dis-
play console. A phctograph of the display showing
bondline voids is shown as Figure 26. Both “A" and
»c" scan presentations are shown.

FIGURE 26

INFRARED PRESENTATION SHOWING
BONDLINE VOIDS

The system provides a means for conveniently heating
and cooling the appropriate surfaces of the box sections
and moving the structure through the infrared field of
view. The cooling elements and parts handling sub-

system are shown in Figure 27.
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FIGURE 27
INFRARED BOND INSPECTION SYSTEM
PARTS HANDLING & HEATING SUB-SYSTEM
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When the operator at the console detects a bond-

line void, provisions have been made by the use

of a remote control spotlight for identifying the
location of the flaw so that it can be marked on

the structure itself. A separate display with a polaroid
back is mounted in the console to permit pc-manent
photographic records of any bondline defects.

B e R e Y

Ultrasonic Inspection

Ultrasonic Inspection is very applicable to detection 3
of bondline voids between the stabilizing skin and
honeycomb core; provided a peel-ply is integral on *
the skin, or the structure is cleaned after inspec-
tion. Figure 28 is an ultrasonic recording showing
skin-core voids in a typical sandwich structure.
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FIG. 28- ULTRASONIC RECORDING OF
FIBERGLASS HONEYCOMB SANDWICH
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Figure 29 shows the stabilized core of the advanced
geometry composite (boron) rotor blade being ultra-
sonically inspected in the Automated Ultrasonic
Inspection System at 5he Boeing Company/Vertol
Division facility. fhe Automated Ultrasonic
Inspection System is discussed in detail later

in the text.
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FIGUREZ 2¢
BORON STABILIZED CORE
IN THE AUTOMATIC ULTRASONIC INSPECTION SYSTEM
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Neutron Radiography

One cf the newer technologies in nondestructive in-
spection of composites is neutron radiography. Neu-
trou radiography, as reported by Edward Perry of our
Wichita Division, offers a unique method for the non-
destructive examination of composites because the non-
metallic members are usually strongexr neutron absorbers
than most of the common structural metals. This singu-
lar selectivity is in sharp contrast with other forms
of penetranting radiation such as gamma, beta, and
x-rays. These all require a relatively high energv

to penetrate the outer metallic c¢c "er, such as alum-
inum, magnesium, and steel, whereas the low density,
low atomic numbered adhesives and filaments are
virtually transparent. Gamma, beta, and x-radiography
of such composites is difficult and usually impossible
to perform.

An examination of the Mass Absorption Coefficient
versus Atomic Mumber Chart, Figure 30, shows that
attenuation of x-rays increases with increasing atomic
nunber. The attenuation of thermal neutrons by the

. elements does not follow any recognizable pattern,

and this property of elemental materials is almost
completely independent of the atomic number. 1In
general, thick, dense objects appear lighter on
radiographic film than do thinner, less dense ob-
jects; but there are notable exceptions. Radio-
graphy with thermal neutrons is especially selective
to hydrogen (which adhesives and resins contain in
significant amounts); also with boron (such as in the
monofilament, and in the borosilicate fiberglass):;
and also with cadmium and gadolinium. Note that the
structural metals magnesium, aluminum, vanadium,
chromium, iron, nickel, copper and zine procduce only
very slight differences in mass absorption coeffi-
cients. Silver, indium, iridium and gold provide
slightly higher thermal neutron attenuation than do
the structural metals, but again the small range in
mass absorption valuyes would make identification of
these elements difficult by neutron radiography.
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FIGURE 30

MASS ABSORPTION COEFFICIENT VS, ATOMIC NUMBER

Lead is often termed a window for thermal neutrons,
and uranium would be also except that fission events
occur to release additional energy forms. Trans-
lated to radiographic film, fiberglass and boron re-
inforced polymers and adhesives are easily shown be-
neath layers of aluminum, steel, magnesium, or titan-
ium structural metal alloys, when thermal neutrons
are beamed through the composite.
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Images showing a resolution of better than 4 mils per
inch of object thickness have become routine, and
higher resolutions are obtainable by decreasing the
beam aperature and increasing the exposure time.

The use of a gadolinium foil behind the film allows

a direct film exposure technique, when the beam is
free of gamma radiation, and this method produces
better resolution than the foil transfer technique.
In the foil transfer technique, the dysprosium or
indium foil is exposed and then laid on the film during
the radioactive decay of the foil.

S L T %@ﬁ

Figure 31 shows some neutron radiographs of typical 3
composite structures. The significant thing to note
-is that the honeycomb pattern shown is the adhesive
fillet, not the actual aluminum honeycomb.
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FIGURE 31 ;
NEUTRON RADIOGRAPHS OF HONEYCOMB SANDWICH STRUCTURE *
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completed Blade Inspection

The completed blade can be subjected to a variety of
inspections too numerous to discuss here, but most
certainly ultrasonic, penetrating radiation, and di-
mensional inspections will be performed. The inspec-~
tion equipment to be utilized should be automated in
order to provide uniformity of inspection and to sus-
tain production schedules.

Ultrasonic Inspection

Figure 32 shows a concept of an automated ultrasonic
equipment suitable for inspection of complex controu
surface structures such as rotor/propeller blades.

The concept provides for spanwise scanning with
chordwise indexing. Transducer attitude, which
must be nearly normal to the inspection surface,

is

provided by tape control. Recording platens, util-
izing dry recording paper, are mounted on each side
of the tank. Provision is made for both thru-trans-

mission and pulse-echo modes of “inspection. The

in-

spection equipment, suitable for both immersion or
enclosed water column inspection, has two independent
ultrasonic systems to allow for pulse-echo inspecticn

on each side of the blade simultaneously.

Equipment utilizing this concept is in use at our

facility. The equipment, designed by The Budd

Company, Instruments Division to Boeing specifica-

tions, is shown as Figures 33 and 34.
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FIGURE 33
AUTOMATIC ULTRASONIC INSPECTION AND RECORDING SYSTEM

FIGURE 34
CONTROL CONSOLE & TAPE READER FOR THE AUTOMATIC SYSTEM
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Figure 35 shows a full scale CH47B rotor blade ultra-

. sonic recording. The equipment can be easily switched :
E back and forth between thru-transmission and pulse- §
3 echo modes. 1Indexing (up to 60 lines per inch) and
recording ratio (up to l:1) can be easily selected
to suit the acceptance criteria.

artre
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I e

FIGURE 35
FULL LENGTH ULTRASONIC RECORDING :
FOR CH47B ROTOR BLADE

B

Penetrating Radiation Inspection

Figure 36 shows a concept of an automated penetrating

= : radiation inspection equipment. The equipment provides
s ! : for an x-ray sensitive vidicon and image intensifier
presentation. The system is basically a mobile x-ray
unit in which the blade is fixed within two tracks and
the enclosed generator-pickup system traverses the
length of the rotor blade. 3

WY
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HANDLING
EQUIPMENT

! CONTROL
P CONSOLE—

FIGURE 36

2 X-RAY SENSITIVE VIDICON
3 AND IMAGE INTENSIFIER SYSTEM

- CONCEPT

The x-ray vidicon image is presented on a remote 17"

3 video screen at about 30X. The image amplification

: system also presents a view on the same screen at 1l:1.
The viewing area using the vidicon tube is about 1/2"
X 1/2" with 1%-2% penetrameter sensitivity, while the
viewing area of image amplification is about 8" X 8"
with 3%-4% penetrameter sensitivity.

fiid ol KA L g
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Both the x-ray generator and pickup tubes have free
20° movement to allow for whatever viewing angle
proves to be most desirable. Viewing speed is
variable, with the maximum speed being limited by
interpreter perception. All controls and view-

ing apparatus are remote.

g e, b TR R BRI AR Sttt

Equipment utilizing this concept is in use at our
facility. The equipment, designed by The Picker
X-Ray Corporation to Beceing specifications, is
shown as Figures. 37 and 38.
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FIGURE 37

X-RAY SENSITIVE VIDICON AND
IMAGE INTENSIFIER SYSTEM
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FIGURE 38

CONTROL CONSOLE AND VIDEO MONITOR
FOR THE X-RAY SENSITIVE VIDICON SYSTEM

vy

B O SUE SRS PRER IO R

] g Figure 39 shows some photographs taken of the video
; screen showing various conditions and discontinuities.
i
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HONEZCOMB WITH BORON HONEYCOMB CELL WALL
CROSSPLY SKINS DAMAGE

SIS BRSO s e v

f HONEYCOMB CELL HONEYCOMB RIBBON
3 : DISTORTION SEPARATION
: ] FIGURE 39

TYPICAL VIDICON MONITOR PRESENTATIONS
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Dimensional Inspection

A comparison of the complex geometry of the advanced
geometry rotor blade (AGB) and the V/STOL propeller

is shown in Figure 40. The geometry of these struc-
tures should indicate the magnitude of the dimensional
control problem. For example, our advanced geometry
composite rotor blade is 30' long with the chord
being 36" at the widest point. The geometry is fur-
ther complicated by a twist. Obviously, conventional
dimensional measurement equipment would be cumbersome
and extremely expensive.

Boeing has developed a new concept in dimensional
control, called Surface Contour Analysis, for com-
plex curvature hardware, that is relatively inex-
pensive and very versatile. The Surface Contour
Analyzer, shown in concept as Figure 41, utilizes

a null detector system which senses the vertical
movement or relative position of a projected spot
of light as it is scanned about a test surface.

The position cf the pinpoint of light is defined
relative to a given horizontal reference plane,

by a position transducer and introduced into a
special recorder. The accumulated data, represent-
ing the surface contour is then processed by a com-
puter to provide the desired illustrated results—--
drawings, mathematical equations, and/or comparison
data.

Figure 42 shows a 1/5 scale blade mounted in the
laboratory Surface Contour Analyzer. Computer
drawings of chordwise sections are shown as com-
pared to what the blade should be in Figure 43.

Figure 44 shows a grid of the inboard section of

rotor blade. The approach will be to measure each
line intersection and integrate. It is estimated
that 30,000 measurement points can be processed in
15 minutes. .
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DESIGN/ACCEPTANCE CRITERIA DEVELOPMENT

Both of our Advanced Gecmetry Rotor Blade efforts (glass
fiber and boron fiber) have extensive material test pro-
grams. There is no question that one big problem that has
to be overcome on any composite structure program is the
determination of allowables, both from the design stand-
point and from the discontinuity acceptance standpoint.
Obviously, there is a threshold, but the threshold changes
depending on materials, processes, part usage, and the
methods used to detect defective areas.

Based on the premise that test data is only as good as
the specimen being tested, we perform a Quality Control
Capability Study on all complex structural test articles
and subject the materials, processes and end item test
article to the highest level of inspection that we can.
Figure 45 shows the Quality Control Capability Study that
was generated for the advanced composite root end test
article.

In addition to the structural articles built and tested
to verify design, we are continuing the fabrication of a
variety of test specimens under very carefully controlled
conditions.

These spacimens, some with *"built-in" defects, are then
subjected to a variety of nondestructive tests utilizing
pulsed and resonant ultrasound, x-ray, and infrared tech-
niques. After very carefully recording all defects or
abnormalities, the specimens are subjected to static and
fatigue tests run to ultimate failure. Failure modes and
characteristics during static and dynamic testing are ob-
served for correlation with material, processing, and non-
destructive test results. Figure 46 is a typical ultrasonic
recording showing discontinuities in test specimens.
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FIG. 45 INTENTIONALLY OMITTED
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FIGURE 46

IN A FATIGUE SPECIMEN

ULTRASONIC C-SCAN RECORDING
OF A DEFECTIVE BONDED JOINT

A FATIGUE SPECIMEN

ULTRASONIC C-SCAN RECORDING
OF BROKEN CORE MATERIAL IN
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Additional work is being done in trying to correlate total
material sound attenuation with fatigue test data. Typi-
cal ultrasonic recordings showing 75% attenuation and 50%
attenuation levels in a boron laminate are shown as Figure
47. In this manner, we are increasing design, materials,
and fabrication confidence in composite applications, as
well as confidence in our nondestructive testing. Only
flight test and service performance can determine the
validity of our acceptance criteria.

In addition to the materials testing programs, we have

a very interesting program to nondestructively monitor
full scale article testing. In the case of the Advanced
Geometry Composite Rotor Blades, a complete nondestruc-
tive inspection was performed after fatigue and structural
testing and after whirl tower testing. This gave us an
opportunity to monitor and note the progression of defects
in the blade. The locations of voids and other areas of
interest, such as, areas of high ultrasonic attenuation,
were marked directly on the blades after initial inspec-
tion and determination of growth or progression was re-
latively easy. Figure 48 shows an advanced geometry
composite rotor blade nondestructive inspection “road
map®. This investigative nondestructive inspection mon-
itoring will continue through the flight test program.

CONCLUSION

I would like to point out again that quality assurance of
composite structures is a result of design quality, and
the attendant inspectability: proper process control; and
the in-sequence nondestructive evaluation of the hardware.
None of the above elements can be neglected if we are to
take maximum advantage of the several benefits offered by
composite structures.
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Nondestructive inspection technology development must
continue, and must surpass the capability that we have
for homogeneous materials. If we can master this goal,
the design freedom and strength offered by composite
structures can lead to a whole new realm of hardware
fabrication concepts.

To optimize existing physical principle applications may
not be enough. Certainly we can take advantage of cer-
tain benefits offered by composite structures with exist-
ing technology but consider what a very, very small por-
tion of the total physical principle spectrum we utilize
today for nondestructive inspection--we have hardly dented
it.

The Boeing Company/Vertol Division intends to take full
advantage of existing nondestructi > inspection technol-
ogy, as well as new technology, tc assure product quality.

There are several new inspection concepts under study at
The Boeing Company/Vertol Division, at the present time.
It is expected that these systems will become a part of
our total quality measurement capability just as the sys-
tems described in the preceding discussion.
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QUALITY CONIROL METHODS APPLIED TO AN ADVANCED COMPOSITE

F-111 HORIZONTAL TAIL
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Process Control
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Quality Assuvance Research & Development
GENERAL DYRAMICS
Fort Worth Division

For Prasentation at the
AFML/Aerospace/University of Dayton
Conference on NDT of Plastic/Composite 3tructures
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ABSTRACT

New and more rigid methods of quality control have been uged
in the manufacture of boron composite structures. More exacting
methods for inspecting raw materials and performing in-process inspec-
tion are being utilized. Conventional and new techniques are being
investigated. Nondestructive test methods such as iafrared, ultra-
sonics, Pocta-Shear and x: rays are being used to ipspect details
prior to assembly, and to inspect the final bonded assembly.
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I INTRODUCTICON

Since the beron horizontal scabilizer pregram at Gerecal Dynamics/
Fort Worth was one of a research nature, any quality system used had to
be ccngruent with that type program. Drawings, spccifications, pro-
cesses, etc. were constantly being changed for the sake of producibility.
For this reason the quality coatrol team had to ingest these changes
while maintaining control of the quality in parts being manufacturec.
Most of the actual labor invoived was provided by factory personnel
under the guidance of research and design engineers in facilities made
availabie for the life of the program. Fsor the most part, these people
were not cognizant of factory quality contzol procedures or capabilities.
The first problem to be resolved by the quality contrsl organiza-
tion was to establish a quality system rigid esough to dssure a quality
part, yet flexible enough to be compatible with a research type program.
In thie paper, systems and methods of control, from matsrial
acveptance to final "buy-off" of the completed assembly, are discussed.

II DESCRIPTION

To uzderstand the processes and quality contirol of the assembly,
& brief description of the stabilicer design is in order.

The boron stabilizer is cowmposed of four "sandwich-type-conrstzuc-
tion" panels; (1) the wain box section (2) the leading edge (3) the
trailing edge and (4) the tip

The leading cdge, trailing edge and tip sections are similar in
construction, These are panels of simple design fabricsted with boron,
fiberglass and aluminum honeycomb core watevials.

The box section is a mcre complex structure in that there is steel,
titanium, boron. fiberglass and aluminum honeycomb c¢ure contained iu the
understructure.

All of the ribs, spars and closures are mechanically fastened o
compose the framework of the dcx section. All other joints and ties
are bonded.

The air flow skins of all four sections are entirely borom.

These skins are bonded to aluminum houeycomb core snd the structural
members to complete the sandwich structure.

Z

Y RAZIAN

:II QUALITY ASSURANCE OF RAK MATERIALS

To assure the highest compesite structure quality, controls must start
with the raw materials. For this purpose General Dynamics issue¢ pro-




curement specifications for boren filaments, boron filament rein-
forced resins, and boron filament rei-forced resins for machine lay-
up. These specifications cover the physical and mechanical requirements
{or the boron raw materials. Additional specifications are used to
cover standard materials, such as, fiberglass and metals used in boron
assemblies,
Control of boron filament by the filament manufacturer included
mechanical and physical tests such ac tensile, modulus of elasticity,
filament diemecer and density.
Manufacture of the boron filament reinforced epoxy tape falls into
categories of msterial control of resin and filaments, control of fila-
ment collimation, resin impregnation of the filaments, and finally the
placement of the tape on the paper carrier. Resin impregnators run accep-
. tance controls on the filaments to determine their conformance to the filament
i specification. Tests on the epoxy resin system are run by the impreg-
4 E rator only. Each resin batch is tested for physical and mechanical pro-
perties such as gel time and flexural modulus.
Specification requirements on the three-inch wide tape are most
extensivz since this is the final form used to manufacture parts.
Mechanical and physical tests are performed on each batch of resinm
impregnated boron tape by both the manufacturer and General Dynamics as
acceptance requirements.
Physical measurements, such as, resin solids and flow are impor- g
tant controls since our part fabrication process is based on a closely H
3 controlled resin content. Volitile content is another physical test used H
I by General Dynamics for acceptance purposes., :
Some very important jinspection steps that can only be performed
during tape manufacture are filament alignment and spacing and the X
precision placement of the tape on the perforated paper carrier. The H
boron tape location on the paper carrier is most important vhen using
machine lay-up.
When General Dynamics receives boron tape a sample is removed
from a randomly selected roll in each batch. Both physical and mechanical
values are obtained from this sample. In addition to physical tests
3 previeusly discussed, a test panel is fabricated with filaments in a zero
2 degree orientation, From this panel, room temperaturs and 350° F.
3 flexural tests are run &t 0 and 90 degrees, as well, as interlaminar
shear., A specimen from the laminate is polished et 90 degrees to fila-
& ment orientation and photographed under magnification to check filament
spacing.
3 A major problem in our present acceptance test procedure is that
3 only the beginning of a roll can be tested since rolls of beron tape
: cannot be unrolled and rerolled without damage. Therefore, this makes
it mandatory that each tape ply be inspected as it is laid to assuve that
filament alignment and spacing are correct. Continuing prcblems with tape
quality are incompatible with a production operation.
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IV IN-PROCESS INSPECTION

For adequate quality control of processes dealing with the many cure, %
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cleaning and secondary bond operations found in the stabilizer fabrica-
tion, in-prccess imspection is essential. For fabrication purposes, we
utilized a planning sheet which becomes the historical quality record.
This paperwork listed the fabricating operations sequentially. The
fabrication operations were taken from detailed "Process Instructiors"
written by Advance Design, Manufacturing Research, and Processing Con-
trol personnel, Necessary inspectioh steps were inserted into the
manufacturing sequence to insure thorough inspection at all stages of
manufacture. During fabrication, completed operations and procedures
had to be approved and recorded by inspection on the planning sheet
before the next operation could begin.

The fabrication area was under surveillance of an inspector. It
w28 his responsibility to see that the plenning paper, process standards,
engineering drawings and specifications were adhered to.

A. Boron Detail Fabrication

Fabrication of beron details required tedious visual imspection
methods to insure quality. During individual ply lay-up, the fabricating
personnel rework or remove all obvious defects in the material. One of
the best quality control measures we had in the fabricating area is
"defect awareness" on the part of the worker. Tape defects that are
found during fabrication are (1) overlaps (2) gaps (3) eyebrows
(4) wavineas and (5) foreign objects, Four of thelarge, box section
skins were partially laid by machine while the other boron details were
hand 1laid. I shall discuss problems encountered with tape machine lay-
up first.

The skins were fabricated by laying boron tape on individual ply
mylar films which was then transferred to the curing tool one ply at a
time. 1Individual ply imspection can be more readily performed whea using
this method of fabrication. By placing a light source behind the mylar
film, defects are easily noticeable, Fabrication using mylar films
a2llows thorough visual inspection.

Complete fabrication by machine has resulted in ply by ply inspec-
tion problems. When the plies are layed one on top of the other, there
is less opportunity for thorough ply inspection. Gross defects can be
detected but those of small dimension such as overlaps and foreign ob-
jects arzs almost impossible to detect. Laminate quality for this type of
fabrication depends upon the tape quality which in turn relies on (1) tack
(2) tape placement on the backing wmaterial, (3) filament collimation (4)
individual filament temsion and {5) absence of eyebrows, waviness, gaps
and overlaps within the tape. For automated tape laying, laminate qua-
lity is no better than the material quality.

Since tape quality at the present time is inconsistant, a method
for tape inspection before it is laid is needed. Since the boron cannot
ve unrolled before use, the only opportunity for thorough examination
of an entire roll of material is during laying operation. Monitoring
the tape as it comes off the reel enables the flagging of discrepancies
contained in the tapeprior to lay-up. Gross defects have to be repaired
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before the next ply is begun. This results in machine downtime and in-
creased cost, This emphasizes the need for improved and reliable tape
quality, Investigation of inspection methods for wmachine laid tape has
been initiated by our Research & Development Department.

B. Other Detail Fabrication

Detail fabrication of material other than boron presented few new
quality problems. Normal production inspection and quality procedures
were utilized for these detail fabrication controls.

C. Bonding of Major Assemblies

The four major assemblies discussed earlier had similar tinal
bonds 80 1 shall discuss the large "box" section oniy.

At this point the ribs, spars, closures and core have been assembled
and are then numerically machined to mate with the fabricated boron skin.
The core is inspected for crushed areas, contamination, and bond separa-
tions and is repaired as necessary. A good prefit of the skins to the
understructure is essential for a void free bond. I might 2dd that all
tooling and parts dimension to the skin bond line to minimize tolerance
build-up.

After prefit of the skin to the core assembly, an encapsulated
adhesive check is made to confirm the prefit, This consists of adhesive
covered on both surfaces with nylon film for release purposes, This
adhesive-nylon sandwich is placed between the core surface and the boron
skins. The assembly is then placed in the bonding tool, cured, and
dismantled. The impressed adhesive is then examined for possible mis-
matches on both bonding surfaces of the box section. Rework in question-
able areas is then accomplished and the assembly is prepared for final
bond.

Prior to final bond, all fiberglass areas of the 'box" are scuff
sanded and blown with filtered air to remove surface contamination.

The entire "box" section is then vapor degreased with stablized
trichloroethylene and dryzd at an elevated temperature to obtain com-
plete removal of the solvent. The boron skins require only removal of
the peel ply before bond.

When the "box" and both skins are ready for bond, the adhesive
is applied, the skins installed onto the "box" section, all attachment
bolts are inserted and torqued, and the assembly is placed into the bond-
form. Curing of the large assembly required close tolerance heat and
pressure control.

All of the processes used in fabricating the tail assembly were
monitored for conformance to process standards and engineering specifi-
cations by Quality Assurance Organizations Process Control personnel and by
Inspection personnel. The high temperature presses were checked for heat
uniformity, tbe curing and bonding presses for heat-up rates and for tem-
perature uniformity.

V DESTRUCTIVE AND
NONDESTRUCTIVE TESTIMNC

A. Details

For all details in which an elevated temperature cure cycle is
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necessary, representative test tabs accompany the details through all
fabrication operations. For example, a boron skin would have a test

tab fabricated from the same material and cured during the same cure
cycle. When possible, test tabs were laid up and cured on the part tool.
This practice not only assures material quality but also processing qua-
lity. Test specimens are prepared from the tab and tested by process
control to the engineering material test specification. The data received
must satisfy the acceptance values set forth in that specification. The
specimen types are: (1) zero degree flexural (2) ninety degree flexural
(3) horizontal or interlaminar shear. The specimens are tested at room
temperature and at 350° F,

During testing of the tabs, the part is held by inspection pending
test results. If the results are acceptable, inspection accepts the part
and it continues to the next operation. When unacceptable test results
are encountered, the specimens and test equipment are thoroughly evaluated
to assure that test conditions were correct. In the past, when a test
failure arose, the cause for failure was often found to be poor specimen
preparation. It has been fouud that test data from the ninety degree
flexural specimens is critical when the resin system is accepted for use
-at minimum test values.

For general purpose void or depbond detection, commercial infrared
systems reveal good bonds, partial bonds or complete debond areas. It
is utilized to inspect the integrity of boron laminates less than .125
inch thick.

Infrared inspection equipment measures the heat or infrared radia-
tion transfer of the material. The heat transfer of a laminate or
bondline with voids or delaminations will not be uniform. To get maxi-
mum sensitivity on the test equipment, a flat black color is desired for
maximum heat absorbtion and heat retention. The black color of the
cured boron laminate allows it to be inspected by infrared methods with-
out supplemental treatment.

At the present time, General Dynamics/Fort Worth has four produc-
tion infrared test machines. To correlate test results, some experimental
specimens with intentional variability have been used, though it is now
apparent that carefully constructed reference standards are essential for
the maximum utility of the infrared systems.

In some areas, ultrasonic inspection played an important roll in
void detection. The ultrasonic.inspection used to the greatest advantage
was the through trznsmission method. This technique employs sound wave
emnission from a power transducer on the surface of the part. The sound
waves pass through the part and are picked up on the opposite surface with
a receiving transducer., Material that is solid will have little effect
on the energy level, but a void or delamination will sharply reduce the
energy level. This test method was used to inspect the bond betweea boron
skin and the titanium scarf plate. A chart was made of recorded readings,
evaluated and attached to the imspection history. All of the boron-
titanium bonds in this area proved to be good.

X-ray inspection was valuable for confirming the internal gecmetry of the
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structure, but did not prove capable of resolving bondline deficiencies
or defects in laminates more than 8 plys thick.

The Porta-Shear is a General Dynamics/Fort Worth developed test
equipment. It separates a precut, small diameter button at the bondline
by applying a shear force. wWhen the bondline fails, the load is recorded
and translated into equivalent bondline strength. Porta-Shear qualifica-
tion for typical boron composite joints is in progress. Selected areas
of static and fatigue test horizontal stabilizers were tested with the
Porta-Shear.

3. Assembly

Infrared inspection of the four major component skin bonds was run
on both the static and fatigue test articles. Infrared recordings made
after final assembly were correlated with photographs taken of the under-
structures before final skin bond. The infrared readings revealed ques-
tionable cold and hot areas. Upon review of the photographs, these areas
were found to be core repairs or areas where a slightly thick glue line
had developed. For thorough and complete evaluation of infrared recordings,
the inspector must have a working kmowledge of the understructure of the
part being inspected.

The static tail was tested to failure and the remnants re-examined
with infrared. This re-examination resulted in & high degree of con-
fidence in the infrared inspection technique.

X-ray examination of the bonded assemblies war used when questions
arose concerning internal geometry. Core splices, core node bond separa-
tions, and step mismatches can be seen with x-ray.

The bonded assemblies were checked ultrasonically to verify the
infrared findings. The production ultrasonic bond tester is a mechanical
impedance system; it proved useful in checking skin to spar and closure
bonds.

Test specimens for the major assembly bomkds were used to verify
the adhesion and the process quality maintained during bonding.

Test specimens for the bond operations took two forms; one to test
the shear strength in the boron to glass bond and the other to test the
tensile strength in the boron to core bond areas. The specimens were
made from the same adhesive batch with identical component materials. All
details having been precured, the secondary adhesive joint completes the
assembly during the last cure. After cure, test specimens were prepared.
Because nondestructive test methods provide such limited knowledge of glue
line strength, final assembly control specimens were cured on the bonding
tool (or a secondary tool close by). These specimens provided process
control with the data required for final acceptance of the tail assembly.

V1 CONCLUSION

The quality control exercised during fabrication of the F-ill
advanced composite horizontal stabilizer was adequate for the development
nature of the program. The experience thus gained has resulted in in-
creased awareness by wmanagement of quality areas that must be improved
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prior to a production effort. Based on this experience, a Quality
Asgurance Plan is being developed for total control of quality from
design review thru source coatrol, material handling, fabrication,
asgembly, and test of the end article. Special emphasis is being
given to improving inspection and test methods and to quality docu-
mentaticn retrievability and traceability,

In closing, I don't want to leave the impression that we have all of
our quality problews resolved because we still have areas that can be im-
proved on. We are planning ahead and attemrpting to benefit from our
experience gained on the Research & Development Programs by recognizing
the need to (1) obtain better control over initial tape quality (2) develop
a means for automatically checking the lay-up quality of the tape as it
is being laid, and (3) expand and refine our nondestructive testing tech-
niques in addition to developing meaningful NDT acceptance criteria and
reference standards.

J. A. Riegert
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STUDIES OF COMPOSITE MATERIALS AND FAYING
SURFACES UTILIZING THE SCANNING ELECTRON
MICROSCOPE

By

Charles V. Cagle and Henry Lee
Research & Development Center
The Epoxylite Corporation
South El Monte, Calif.

A paper to be presented at the University of Dayton on March 20, 1969.

The :trength of any adhesive bond depends to a major degree upon the nature of
the substrate surface being joined, upon their physical and chemical composition, adherend
cleanliness, and the ability of the resin to wet the surface of the substrates. This some
theory can be applied to some degree to composite materials, i.e., resin wetting as applied
to fibers, fillers and carriers and later when subjected to in-service conditions; the compat-
ibility of these materials, plus the influence of degrading factors by environmental condi-
tioning. ;

The Epoxylite Corporation has successfully applied the scanning electron
microscope to these types of studies. This instrument has proven especially helpful in
failure analysis, pertinent to studies of high temperature adhesives and reinforced composites.
The ability to study faying surfaces and filiers under various conditions has proven invaluable
in adhesive and composite testing, especially in the Epoxylite research programs in the field
of dental and biomedical materials. For example, it is apparent that similar probiems are
encountered pertinent to adhesion in the human body that poses a constant struggle in the
aerospace industry, i.e., adhesion and moisture or simply, interfacial problems.

The scanning electron microscope differs from the ordinary electron microscope
in that instead of an electron beam being pasced through the specimen, the electron beom
is, in effect, bounced off the surface of the specimen at an angle. A primary beam of
electrons from a heated tungsten filament is focused into a fine probe on the specimen
and allowed fo scan the surface in a raster pattern as in a TV set. Electrons liberated
from the specimen by the probe are detected by a scintillator~photomultiplier system. The
resulting signals are used to modulate the brightness of a cathode-ray tube screen that is
zcanned in synchronism with the electron probe scanning the specimen. The fine probe
of electrons pemits the instrumen? to examine the microtopography of the solid bulk
specimens, whose surface roughness or other characteristics make it extremely difficult
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or impossible to ocl;serve by conventional transmission electron microscopy (Fig. 1). The
resolution is 250 A and magnification is possible up to 100,000X and the depth of focus
is 300 to 500 times greater than either conventioncl light or transmission electron micro-

LT A TRT R TR

3 : scopes. This great depth of field makes the instrument useful for close examination of
_ surface irregularities. The time invclved in sample preparation is nominal as compared
for sample preparation pertinent to transmission microscopy.
‘ In summary, this device offers the following advantages:
1. Direct and non-destructive observation of bulky specimens, as large
asa | in. cube.
M ] 2. The resolving power is superior fo that of an optical microscope.
3. The image mainly represents the surface topography of specimen and
- : appears as one sees the specimen by the naked eye, except magnified;
' therefore the image is easily interpreted.
4. The image has great depth of focus. which makes it possible to measure
large elevations of features on the specimen surface. One can obtain

(il

T

three dimensional clear images even if the surface of the sample is
rough .
Fillers and Carriers
= Figure 2 shows an aluminum oxide filler, approximately 30~40 microns in diometer
: : and Fig. 3 is a microphoto of a fused quariz filler, 30-40 microns in size. This illustrates
the close particle size examination that is possible utilizing this technique. Figure 4

LN

it (1 o 11

shows sapphire whiskers approximately 1-3 microns in diameter. The study of the resin-

MRy

filler composite after blending and curing is important to oid in optimization of filler
] content. Figure 5 is a microphoto of glass beads approximately 25 microns in diometer.
‘ ‘ % Figure 6 is the same with a higher magnification. Note the dust and foreign matter in the
- 3 beads in Fig. 6. In Fig. 7 a hollow glass sphere is shown and the extent of the cavity in
A the bead is abundantly clear. Figure 8 is ground Lucite and Fig. 9 is Rigidex. Figure 10
is a single strand of glass in resin. Note the poor wetting and air gap around the glass.
Figure 11 is a polyurethane foom and Fig. 12 shows a syntactic foam. Figure 13 shows
the surface of a high temperature epoxy resin after long term heat aging and destructive
tests,
Surface Preparation

The SEM has proven helpful in surface preparation studies. Figure 14 is a micro~
photo of a sample of unmodified FEP Teflon and Fig. 15 is a piece from the same stock

A
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that has been finely machined. Figure 16 is the same after annealing and Fig. 17 shows
the surface after a sodium~THF-napthalene etch. Figure 18 shows the some material after
etching and then annealing. Figure 19 shows the surface after annealing only. Figure 20
is an etched Teflon surface after annealing. Note the scales and cracks which are due to
over-etching. Figure 21 is an unmodified 202473 aluminum surface and Fig. 22 is the
same surface after sanding with 240 grit sandpaper. Figure 23 is a highly mognified shot
of the same surface (40,000X). Note the oxides and foreign matter present on the surface.
Figure 24 shows the aluminum surface after a sodium dichromate-sulfuric acid etch.
Failure Analysis

Figure 25 shows a high temperature epoxy adhesive on steel after destructive
testing on a steel adherend. This appeared to be a clean odhesive failure, but the micro-
photo shows a considerable amount of adhesive remaining on the substrate, and evidence
of cohesive degradation within the adhesive layer as well as the interface. However, in
all probability the oxidation problems began at the interface.

Figure 26 is a microphoto of a polyimide system on 120 glass in lominate form.
The glass strand spacings are evident through the outer layer of resin. Figure 27 a2 28
are the identical penel after destructive tests. Note that the glass strands are not wetted,
and adhesion is spotty. It is interesting to note that in Fig. 27 the resin did not break
as would other §upposedly rigid systems, which indicates more flexibility with the poly~
aromatic system than is sometimes assumed.

Figure 29 is a honeycomb prepreg face sheet after flatwise tensile tests in
which the tensile strength was approximately 200 psi as compared to maximum expectation
of 800 psi (controls). This appecred to be an adhesive failure for the aluminum core,
but upon examination it is really adhesive from the glass. The real conclusion here is the
effect of filleting. One would quickly note that the resin did not flow properly and produce
a fillet around the cell walls of the core. Figure 30 is a closeup shot of higher magnifica-
tions and shows better the poor adhesion to the glass strands. Figure 31 is an epoxy fitled
with hollow glass spheres. This panel had gas entrapments as shewn in Fig. 32, which is
a minute section where the spheres are missing (10,000X). Figure 33 is a phenolic coated
sample of woed. This particular somple picked up considerable moisture and a microphoto
reveals the poor coverage of the wood.

In conclusion, the SEAM can be used to great advantage in adhesive studies pert-
inent to NDT. Surely more and much better ways will be found in the future to utilize this
equipment,
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ILLUSTRATIONS

Simple Schematic of the Scanning Electiori Microscope .
Fused Aluminum Used as a Filier for Adhesives.

Fused Quariz Filler.

Sanphire Whiskers, 1~3 Microns in Diameter.

Glas: Baads, Approximately 25 Microns in Diameter.

Glass Beads, 25 Microns in Diameter (3000X).

Holiow Glass Spheres.

Rigidex at 10000X .,

Ground Lucite.

A Single Glass Strand in Cured Resin,

A Polyurethane Foam.

A Syntactic Foam.

A High Temperature Epoxy After Long Term Heat Aging.

FEP Teflon, Unmodified Surface (1000X).

Machined FEP Teflon.

FEP Teflon, Annealed Only.

FEP Teflon, Sodium/Naphthalene/THF Etched.

FEP Tefion, Etched and Then Annealed.

FEP Teflon, Annealed.

FEP Teflon, Etched and Annealed.

Unmodified 202413 Aluminum .

2024 Aluminum After Sanding with 240 Grit Sandpaper.

A Close Up, Highly Magnified Shot of 2024 Aiuminum After Sanding.
2024 Aluminum After Sodium Dichromate/Sulfuric Acid Etch.
Steel Surface After Failure at Elevated Temperatures, Bonded with Epoxy.
A Polyimide/Glass Laminate .

A Polyimide Lominate After Fracture (Mechanical Test).

A Polyimide/Glass Composite After Fracture .

Failure of Honeycomb Core from Facing.

An Epoxy After Fracture (Poor Adhesion).

A Low Dersity Potting Compound (Epoxy Fiilad with Hollow Glass Spheres).
A Close Up of Doubtful Area Shown in Fig. 31,

Wood Coated with a Phenolic Resin.




o LA ~ s e s Y e ST |

R I DR

GO ot S bl S

Incident Electren Probe

|
f
sl
it
i

o P,
* % r

o T IBCLALI Y P \

16199190 uwmzf%%-r

suosj3 ponsel) |
{
hi

information from Specimen by Bombardment of Incident Electron
Probe ‘

N £V I — ——




i werssbeh oo

¥

AT
v et

RPN

T

™

TT T

ToTYT

T

it G

P e e e




:
H
H
H
L}
T

P

s
F

o o s

SR

A

i

g

T - e n v

2




B v e wwwn e

e e | ux A b Sy v e ey e ey oxe TR

INHAY 4 fti, Loibila b it 2

vt st o © s e

Lkl ™

" ik " i . ettt L, " 2w, " R e L




N T N S N PR TV R RETRIRSL Y

P O e ok

i

Iy ol LN §

-_.-.x.;._st.fi?c
N

w

e ree A . S e on < RN

S ——— e —

QRLIEHE ALY

E P - v am b Pk s o e s




mesasrne 1 g1




Sl L

™

By w T

.

i
i
H
H

AR

[

Com omam

o

PR NP R LR

™

PR

o 4 s







A Fon G s (e

St =




Henth I O,

el

o

Ml

o

[Ou—

et s e e e Ar— s M o e o




N TR vt I

i

i
1 {
I )
w *
J !
N . y o s v . . - T . Ve e bt ety aphi e (__.&_._uu__. w

o u
i
N ‘
n - . nano o awe
.
it
i It WO THR A M Ty L TPy oty § RN R G (S Bt BB ) St St g R L v b L 1t LUy S 8 i AT




e, g
P
X .



A oo o+

N ATEN R R R N P ) Yt B I RSl MULTAEAI X AP DI $EG | O o 0§ PR N > oG
hl il

S awew L R T Ve —

fiy1r0 T L T

4 E M 223 gtk Wy s



T

he T dn

“ amnen

it HMV.,!!T","'L'. ey

a

vttt

L RN

J

-

[ ——




WA e, g e




[ Pk wa e

s e opey

LR T

TN RTIRPT LS T AU JTT TV VYL AT T VR

4 a s e ey b

Ly ke e

daad




-
e SN PN
PIITSOTHRA: R¥Y( ngevane oo ¢ DI . v »

Y B Wn ne s Wk EARTS % SPSIRERALIAVBAAG K SRR APARRGENSARECA FARRESONNRNS
. N LT ok 4 an Vit Gt 2t st RS o v ¢

T T AT N R U AT T AT e




POV g

Mk b G s

B bt




i

PRI

v

A Y

(N bR

W

ik

QSR o T BRI T

PTT e > L




iy il AL

LA i 17 it il P LA

T

b

L1 N o

TR T

T

T T

AL It et & AL i M B

T

T




Ty e

)

EYFTUITIIVEN




i
(A A T

[l v s

R ST




| IR I

I S A N

i
i
.
!
H
| !
.
| i
¥
|
§
1
i
! | A,
K \ |
v .
| : |
4 1
I | |
‘ i .
. .
i v
I
|
i
.
| . _
.
i
) , *
| .
' i
ul _
\ .
| .
Al
!
-
i N
|
i
!
)
N
!
_ .
!
]
|
i ’
{ ‘
i
!
,
.
4 .
¢ '
i
H
, .
i
I
It
I
m
! il
1 "»
PPN e N T U T . AN B A B § g N O RO RN b ORI U B O AIREUIE % skl ‘e e e
[AUN PR W b

.




i

N

o

(A ai)

idhau)

Lietiivitks (e

ikl et

TR

s s wam

P —

PR




; . - L i v

|
o st Aot 0 27 VMR AT BT X 9 YT GXNIY TIRE RSN LR IR ¥

,
!

e e .

il i LT DRI R TR

3 Dbt il oo ot PUFTERENRS T







g

i e " R RO AR O STE AW s 6 o v b x o1 r TR

ARy

[

gy

[os——

iSRRI

R one ABBEYHITESR AR TY




e t1ogressases sy

g e p o,

s e

i
u

1

A 15 ot s om0

PR R, R

o

RN LA AL IR A




v v s AT L N TR (LT

Pty

i .

PR PRI P PN I L L L







S




AR

e

Lot




ORI
1 Wt ORI 1 1 A i i
aipn it

EERREE

A
& on asboreibanienst ¥ wowantd 3 rretscus ven telii8ipnEl

TR U I "

.

it MBI it B

S e N

. N N TR N
o s Lttt it bty ,

il thd

2

i i
D
P .
P
T .
«




L e T ————— T
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This paper discusses recently developed equipment and techni-
= ques for ultrasonically inspecting adhesive bonded structures in

- . the Commercial Airplane Division of The Boeing Company. A unique

) scanning system presently being fabricated will be discussed includ-

= ing the solution to liquid coupling, recording, and parts handling

3§ problems. In addition, a new instrument will be described which
performs ultrasonic through-transmission and contact inspection with-

2 out liquid coupling. This paper will also briefly describe other

= : research activities related to producztion adhesive bonded structures.
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IRTRODUCTION

The role of nondestructive testing in the Commercial Airplane :

Division of The Boeing Company for the inspection of adhesively bond- ‘

! ed airplsne components has become increasingly important in the past :

3 ‘ several years. There has been an enormous increase in the nunber

and complexity of parts being fabricated as well as an increase in

the reliability demanded of bonded structures. The growth of bonded

structure usage on Boeing airplanes is shown in Table 1. This growth

3 is well illustrated by comparing the 30,000 square feet being in-

¥ stalled on the 747 with the 2,500 square feet used on the B-52, a

g 1200% increase. More than 1,000 assemblies are produced daily for

the currant production models, 747, 737, 727 and 707. Not only is

this large quantity of major concern ia the development of nondes-

tructive testing methods, the variety of configuraticn poses add-

itional problems. Materials include aluminum, titanium, fiberglas,

and phenolic, both honeycomb and multiple laminates. Several adhe-

sive systems are used. Sizes range from less than one square foot

3 to over 100 square feet. Tapered trailing edge assemblies for con-

1 . trol surfaces are common. The question then is how does one inspect

2 this tremendous variety ¢f parts and accomplish this inspection

3 ' rapidly enough to assure an adequate sampling of the quantities pro-
duced? But even more basic than this, why consider nondestructive
testing? For over ten years Boeing has produced bonded structures

5 for their eircraft with few in-service problems. The answer to

: this question is cost. Present Boeing requirements call for per-
iodic destructive tear-up of production assemblies to verify tool-
ing. Replacing this practice with & nondestructive test would
save thousands of dollars deily. An added adventage always assoc-
iated with nondestructive testing is improved quality assurance

_ which has justified a "shotgun" effort in whick the most promising

- ; existing instruments were evaluated and new instruments and methods

: were developed. Thermal methcds included infrared, liquid crystals,

and heet-sensitive paper. Sonic instruments evaluated include:

A Boeing developed tap-tester, Fokker Bond Tester, Sonic Resonator,

Harmonic Bond Tester, Sondicator, and ultrasonic pulse-echo and

through-transmission methods and equipment. Other investigations

3 included evaluation of laser holography and the Porta-shear/Porta-

3 pull devices. Effort is continuing in many of these areas and sev-

eral new approaches are being actively researched.

T

N

The intent of this paper is to summarize the results of work accom-

] plished to date and relate this to the inspection of nonmetallic fib-
erglas and phenolic adhesive bonded assemblies. Oniy those instru-
ments and methods applicable to nonmetallic parts are discussed; to
reiterate, these were evaluated as to their ability to:

T

1. Inspect a part guickly and economically.
2. Detect small defects regardless of location.

3. Accomodate many varieties and sizes of parts.
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A brief summary of the applicable instruments and methods follows:

THERMAL METHODS

A Boeing engineer was the first to apply liquid crystals and heat
sensitive paper for defect detection in certain adhesive bonded ass-
emblies. These methods are reasonably sensitive to defects in cer-
tain structures, are highly adaptable to complex shapes, and provides
rapid inspection capability for large structures. However, they are
at times difficult to use and interpret and do not respond adequately
to defects below the outer bondline. Evaluation of infrared equip-
ment did not indicate any qualities noticesbly better than these
methods except for the elimination of part contact -- a definite ad-
vantage. However, the cost of equipment for high production capab-
1lity was judged to be excessive and the method was not sufficiently
adaptable to a variety of shapes and structures.

ULTRASONIC METHODS

Of the ultrasonic methods and instruments considered, the Sonic Res-
onator, the Sondicator, and the ultrasonic pulse-echo and through-
transmission methods were judged worthy of further evaluation for

normetallic structures. The following discussions summarize the
respective evaluations.

Sonic Resonator

The Sonic Resonator, Figure 1, is a low frequency, continuous wave
ultrasonic instrument developed by North American Rockwell. The
piezoelectric probe is placed in contact with the part surface using
a liquid couplant to provide adequate sound transmission. In most
cases, the instrument is sensitive to defects throughout the depth
of the parts by testing from one side. However, the advantage of
one side inspection becomes a limitation when structural variations
occur in the part. Tapered core, doublers and other structural
changes cause up-scale readings on the instrument similar to void
indications. The need to contact the part and use a couplant makes
this method too slow and costly for production inspection. However,

it has excellent capability for spot checking areas of bonded struc-
ture in the field.

Pulse-echo and Through-Transmission Ultrasonics

Ultrasonic pulse-echo is well known and has been used extensively
for material inspection. Its advantages in adhesive bond inspect-
ion are found in its high sensitivity and its adaptability to rapid
scanning and recording. The major disadvantage is the fact that its

sensitivity is limited to defects just below the part surface, making
it impractical for multilaminate structures.

Boeing has recognized the effectiveness of through-transmission ul-
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t+»aso.ics for adhesive bond inspection for several years.

It is the
best method available for void detection through a multi-laminate

assembly; it provides 100% auvtomated coverage, and, with an automated

scanning mechenism, it can provide a permanent recording. However,
ultrasonic inspection by contact methods or automated scanning by
immersing the parts or using wheel search units is not practical for
production testing of odi shaped parts or assemblies too large or
buoyant to submerge. Boeing's interest in through-transmission in-
spection increased when North American Rockwell successfully devel-
oped and applied water squirter housings and nozzles for inspecting
the Apollo space capsule. These water squirters are capable of water
path distances of 10 inches or more and have enough sensitivity to
outline honeycomb cell structuve on a C-scan recording. The devel-
opment of quality water squirters has opened the way for practical
production inspection of bonded airplane comporents. Accordingly,
Boeing is procuring a through-transmission ultrasonic inspection
system for research and production testing. This system, Figure 2,
is designed for optimum versatility. Parts will hang from the cen-
ter of the gantry or from an overhead rail system. The bridge can
scan or index either horizontally or vertically and will inspect
parts as wide as 14 feet with no limit on length. The system is
self-contained and will travel along the floor using a guide rail
to maintain aligmment and recorder synchronization. A dry paper,
facsimile recorder is used to provide a C-scan recording of each
part. This system is expected to be in operation by May 1669.

Several aspects of this system are being investigated such as the
effect of nozzle-diameter and frequency on the transmitted signal,
sensors to maintain a constant distance between the nozzles and
test surface, multiple squirters to provide more rapid inspection
capability and development of improved electronic and recording
capability.

The most critical aspect of this inspection system is the transducers
and water squirters used for sound transmission of which there is
very little literature available describing their construction or
performance. Therefore, an effort is in progress to optimize the
water recirculation system, jet assembly configuration and the
electronic and recording systems. Other accomplishments to date
include:

1. The use of low frequency transmission (100-200Khz com-
pared with the more commonly used 0.5 to 5 Mhz) has in-
creased our ability to transmit sound through multilamin-
ate and acousiically dampened materisls.

2. The use of air jets above each water squirter to eliminate
the momentary loss of signal caused by the water cascading
onto the water column after impacting the surface of the
test part.

3. VWater jets have been designed that inject water into the
sqguirter assembly parallel to the nozzle axis. This is
accomplished by using an annular ring within the squirter
with holes in the front and back to direct the incoming

b
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water toward the nozzle tip and the transducer face. The
water stream emerging from the nozzle appears to have less
tendency to spiral over long paths when compared to the
standard method of injecting the water normal to the axis
of the probe body.

4. 1Inspection of assemblies with porous face sheets where
water would normally penetrate into the cells can be ultra-
sonically luspected by either sealing the surface with a
strippable coating or by placing the part in a vacuum bag.

5. 0il, grease and other contaminants in intimate contact with
the teat surface do not adversely affect the ultrasonic
signal. It was originally thought that these contaminants
would cause & loss of signal due to inadequate wetting of
the surface of the part.

Upon delivery of this system, attempts will be made to adapt some of
the other nondestructive testing methods such as the Harmonic Bond
Tester, Sondicator and Sonic Resonstor for use on this scanner. The
implementation of automated inspection with through-transmission
ultrasonics and other nondestructive testing methods will greatly
enhance the quality control of adhesive bonded assembliiss at Boeing.

Sondicator

The Boeing Company participated in the development of an air-coupled
ultrasonic instrument with a local company -- Zetec, Inc. Our in-
terest in this approach stemmed from the problems encountered in
liquid coupling which would be eliminated by a device transmitting
sound through the air. The developer was successful in producing
such an instrument called the Sondicator, which has proven to have
wider application and better sensitivity than was first anticipated.
It operates in the low ultrasonic frequency ranges and employs
transducers especially designed to reduce the impedance problems
norma1ly encountered vhen transmitting wltrasonic freguencies in air.
It wns designed for through-trsnsmission inspection with the trans-
dunars up to several inches from the part surface. However, the
developer also devised a contact probe for inspection from one side
of a part. This probe consisted of two transducers, one transmitt-
ingz and the other receiving, which detects unbonds when placed in
contact with the surface. No liquid couplant is required.

In operation, the Sondicator, Figure 3, provides a pulsed sine wave
signal to the piezoelectric transmitter, variasble from 20 Khz to

Lo Khz. Instrument controls allow for adjusting the repetition rate,
pulse width, receiver amplifier gain and sample point. The received
signal is amplified ana displayed as a single dot poclar display on
the oscilloscope. This allows for simulteneous monitoring of phase
and amplitude variations that occur et the sample point. Meters

and flaw alarms were provided for monitoring the X and Y deflect-
ions on the scope.

The unique ability of this instrument to transmit ultrasound into a
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part and detect it on the opposite side without contact or liquid
couplant offers the first practical means for ultrasonic through-
transmission inspection of bonded assemblies using an array of trans-
ducers to permit one-pass inspection. To demonstrate the feasibil-
ity of a monoscan inspection system, & prototype scanning bridge
with a row of 18 pairs of transducers was successfully fabricated
and tested. This apparatus was capable of detecting 1/2 inch defects
over a 15 inch width in a single pass. A system capable of inspect-
ing a 4 foot wide area of an assembly in one-pass is currently under
development. This concept is shown in Figure 4.

Investigation to date has shown the Sondicator to be an extremely
versatile instrument. It hes successfully detected voids in metal-
to-metal, metal-to-core, bonded fiberglas structures, silicone rubber
bonded to aluminum, and other bonded materials.

Most often no instrument readjustment was necessary during the test-
ing of these various structures.

An extensive evaluation of the Sondicator is continuing on bonded
production asserblies fabricated within Boeing. Work is also con-
tinuing on multiple probe arrangements, improved transducer designs
to increase the capabilities of the instrument, and practical read-
out systems such as defect alarms, recorder adaptations, etc.

The eventuazl implementation of the Sondicator into production test-~
ing as a monoscan or wide-area scanning system potentially can re-
duce inspection time to the extent that a large part can be inspected
in a matter of seconds. It has been shown that multiple probe scann-
ing is feasible for many production parts.

CONCLUSIONS

Based on the Quality Control Research and Development studies
at Boeing for nondestructive testing methods for adhesive bond in-
spection, it is felt that through-transmission ultrasonics using
water squirters is the best and most sensitive inspection system
available. Plans call for replacing much of the current destructive
testing of production assemblies with this concept. Since scanning
speeds with water squirters are too slow for routine production test-
ing, the Sondicator with multiple probes for single pass inspection
will be utilized for gross defect detection. Instruments such as
the Sonic Resonator, Harmoric Bond Tester and Fokker Bond Tester
show potential for in-service defect detection on the aircraft.
Research is continuing toward more rapid automated inspection sys-
tems to support the increased production requirements for adhesive
bond inspection.

-6-
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30,000

20,000

10,000

SQUARE FEET OF BONDED STRUCTURE

59%

A
S

85%

21%

20%

.
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B8-62 707 720

MODEL

KC 135 127 737

GROWTH IN USE OF BONDED STRUCTURE

TABLE 1.
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NONDESTRUCTIVE EVALUATION BY
SCHLIEREN METHOD OF ADHESIVELY BONDED STRUCTURES

A Schlieren system is a precision optical and mechanical
device for visually studying the effects of an acoustic wave
propagating in a transparent media.

The concepts of the Schlieren visualization are not new,
only the application of the system as an active tool in the
field of Nondestructive Evaluation. One of the most valuable
and irreplaceable aids to engineering is a visual representa-
tion of a system functioning under the actual conditions of
usage. For some time Schlieren techniques have been employed
in the observation of air-flow patterns established by test
objects such as an airfoil section placed in a wind tunnel.
More recently Schlieren techniques have proven useful in the
study of ultrasonic wave propagation and sound beam behavior
patterns. The Schlieren techniques were employed by Bell
Helicopter Company to explain false ultrasonic indications in
the Inspection of main rotor blades. These indications were
not found when the blades were destructively tested. The
Schlieren system aided in the physical understanding of the
phenomena which caused these indications. It is the applica-
tion of Schlieren techniques in the field of ultrasonic
Nondestructive Testing (N.D.T.) that will be discussed in this
paper.

In the field of ultrasonic NM.D.T., Schlieren techniques
have proven to be of great value when used in the analytical
study of acoustic wave behavior, ultrasonic inspection tech-
niques, and as a training medium. The most obvious contri-
bution of Schlieren techniques to each of these applications
is the capability of visually observing the complete wave
behavior pattern. The data obtained from this system provides
an easier, quicker, and more accurate analysis of the problem
as a whole. Other existing techniques require a series of data
inputs which must eventually be pieced together to obtain the
complete picture of the problem.

A general introduction to the concepts of ultrasonic
Schlieren systems and its operation must precede the discussion
of the application of Schlieren techniques.

Acoustical waves are stress waves and thus subject to
reflection, refraction, diffraction, and interference. Although
these phenomena are invisible, a beam of light passing through
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a transparent medium will be influenced by the presence of
an acoustical wave within the medium, which makes it visible.

It is the influence of the acoustical wave that is viewed in
a Schlieren image.

When free from external disturbances, water is a trans-
parent medium having a uniform index of refraction. An
acoustical wave propagating in water has regions of compres-
sion and rarefaction distributed along the axis of propagation.
The water is compressed along the wave front such that the
refractive index of the water is raised in the disturbed area.
This causes regions of increased and decreased indices of
refraction. The presence of an acoustical wave results in the
diffraction of a collimated light beam passing through the
water in the immediate regions of the differential pressures.
This diffraction is called the Debye-Sears ultrasonic light
diffraction phenomenon. A collimated light beam is passed
through the water into a lens which focuses the light. This
lens has a small diameter focal zone. A small opaque dot is
placed in the focal zone to block the passage of the colli-
mated light beam. This diffracted light travels in directions
which are not parallel to the collimated light; therefore,
it is focused at some point outside the primary focal zone on
a view screen or photographic plate.

A Schlieren image may be displayed in two ways; as a dark
field with the diffracted light visible by the use of a
blocking dot, or, as a light field with the diffracted light
absent by using an aperture. A diagram of an ultrasonic
Schlieren system is illustrated in Figure I.

A B C D E F G H I
|-<l
ﬂl ﬂ
A - view Screen D - Focusing Lens G - Aperture
B - Imaging Lens E - Water Tank H - Condensing Lens
C - Blocking Dot ¥ - Collimating Lens I - Light Source
FIGURE I

BLOCK DIAGRAM OF SCHLIEREN SYSTEM
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It should be noted that the position of the lenses,

aperture, and/or opaque blocking dot is critical. The
relgtive placement of each is governed by the basic laws of
optics.

The equipment, in addition to that shown in Figure I,
required to produce a Schlieren image of an acoustical wave
is a search unit, a pulse generator, which can adequacel
excite the search unit, and a suitable camera for obtuaining
permanent records. If the pulse mode of operation is
required, a strobe light must be used as the light source
and must be synchronized with the variable time delay circuit.
The pulsed system affords the operator the capability of
selecting a single pulse and observing this energy as it pro-
gresses with time.

Having thus discussed the general concepts of the opera-
tion of a Schlieren system, let us now consider some of the
applications for which the Schlieren technique can be
effectively utilized. We shall limit our discussion to the
application of the Schlieren technique as (1) an educational
tool, (2) an analytical tool, and (3) a tool for ultrasonic
nondestructive testing. As an education tool, Schlieren
techniques are used to demonstrate the basic fundamentals of
wave propagation. This system provides a means of observing
the real time propagation of an acoustical wave through a
medium to an ubject, and the influence that that object has
o the wave. The most interesting and far reaching applica-
tion of the Schlieren system is its use as an analytical and
developmental tool.

Let us consider the phenomena connected with the propagation
of ultrasonic waves (reflection, refraction, diffraction, and
interference), by placing in a transparent medium, specimens
which are to be observed under the influence of ultrasonic
energies. Energy absorption and velocity measurements.can be
made of these specimens. If opaque objects are utilized, the
wave behavior pattern within the object cannot be observed,
but from reflected and transmitted energies sufficient infor-
mation can be obtained to determine characteristics of the
media, i.e., the velocities of the different modes of wave
propagation (longitudinal, shear, and surface). The relation-
ship of the angle of incidence of a wave packet to the angles
of reflection and refraction of the wave packet when incident
on a media having different internal wave velocities is a
statement of Snell's Law which we shall apply. By placing a
section of a material in the tank of a Schlieren system and
adjusting the ultrasonic search unit to the correct desired
incident angle, the geometry of the entire wave pattern can
be observed and measured. The angle of refraction of the wave
within the material can be measured by noting the exit point

L T e e aem IR 2
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of the wave refracted through the test section. By Snell's
Law and knowing the angle of incidence and the velocity of
sound in water, one can easily calculate the velocity of sound
within the material. With this information, perhaps even the
material itself can be identified.

Physical methods of measuring absorption have not been
consistent, and for this reason optical methods are employed.
Knowing the necessary physical characteristic of the material
(density, modulus, wave velocity, etc.), the energy absorption
of the media can be determined. The amount of energy absorbed
by the liquid must be known before another material can be
immersed and tested. In ultrasonic inspection the complete
absorption of energy in an area can be interpreted as a void
or discrepant area in a bonded assembly. This interpretation
is often invalid unless a complete understanding of the wave
behavior in the media is known or can be predicted. In solids
which are not transparent, the energy cannot be seen while
in the part, but by basic mathematical expressions relating
the incident, reflected, refracted, diffracted, and transmitted
energies the necessary information is obtained to predict the
behavior of the energy within the media. There are limitations
to the visualization of energy in the Schlieren system with
fluid media. There is an intensity at which the ultrasonic
energy can no longer be seen by Schlieren methods. Thus, all
the energy of a wave propagating in a media may not be
observed. In changing the liquid media, the minimum intensity
of energy in the media will change. The use of a pressure
chamber and a gaseous media will allow the visualization of
lower intensity energies. It will require less energy from
the transducer or search unit to influence the media such that
it can be observed.

The internal physical characteristics of materials such as
steel and titanium may be observed by using ultrasonic Schlieren
techniques. One of these characteristics is the accumulation
of large, well-precipatated grain btoundaries that are oriented in
a preferred and pronounced direction. The boundary precipatated
will appear as reflecting interfaces and, as such, will alter
the path of the sound waves within the boundaries of the object.
By impinging the sound wave on the object at a given incident
angle in several different planes, and by obtaining a
Schlieren image of the wave patterns resulting in each case,
the angle of refraction of the sound wave within the object
can be measured for each incident plane. Interpretation of
these angles will indicate the presence of a preferred oriented
grain boundary condition and simplify the approximation of the
orientation direction.

Schlieren ultrasonics are presently being used by Bell

Helicopter Company in the evaluation of bonded assemblies such
as honeycomb panels and rotor bladeas.
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Schlieren ultrasonics have been used to determine the
paths through bonded assemblies to assist in the evaluation
of new and better methods of ultrasonically testing the
structures. In through transmission modes of ultrasonic
testing the normality of the beam to the part becomes a pro-
blem especially when inspecting objects with complex
configuration.

As previously mentioned, Schlieren techniques were used in
the evaluation of false ultrasonic indications in rotor blades.
These indications occured randomly and with no predictable
sequence. It was determined this problem was due to an
impedance resonance condition in the blade. The bondline
thickness varies as a function of detail tolerances and fit.
This changes the over-all impedance of the blade, thus, creating
a one-fourth or one-half way phenomena in some blades. Although
a solution for the problem has been determined, further
evaluation of this problem is being continued in an effort to
isolate this condition. The position of the indication with
respect to the transmitter is critical for some indication.

This has been determined a number of times in rotor blade ultra-
sonic inspection. It may be represented as shown by the work
presently being conducted at Bell Helicopter Company on
adhesive composites. The two photographs, Figure Nos. II-A
and II-B, shows the incident energy on discrepant areas in

the two laminates. The reflected and transmitted energies
illustrates the discrepant areas of each laminate. In Figure
No. II-A the reflected energy is interrupted and shows the
defect more pronounced than in the transmitted energy. Except
for different physical configurations, the indications in both
photographs were of the same approximate size. As seen by the
transmitter, the defect in Figure No. II-A was concave, and
the defect in Figure No. II-B was convex.

FIGURE II-A

5
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FIGURE II-B

This information supports the theory that in through
transmission, specifically, ultrasonic inspection of bonded
assemblies, a change in the location and position of the
defect with respect to the transmitter can and does give
different information to the receiver. The physical size of
the rotor blade prevents the actual Schlieren image of this
phenomena from being obtained with the present system. It
may be necessary to scale down the object to obtain the

infg;gation, or to section the part and observe a section at
at .

There are other fields of N.D.T. in which Schlieren
techniques can be utilized. A simple exampl: of this
application would be when employed in the inspection of tubes.
This is accomplished by observing the internal wave behavior
patterns of a sound beam incident on a tube free of defects.
The incident angle should be such that the sound energy is
propagated along the periphery and internal section. This
will resuit in & Schlieren image of the reflected and refracted

: sound energy as viewed inside the tube. The Schlieren image

can be referenced as an acoustical signature of an acceptable
tube.

When an unacceptable tube is placed within the Schlieren

DROANZG g0

field, the internal defects of the tube will cause a behavior

pattern that is different from the acoustical signature of
the acceptable tube.
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By comparing the acoustical signature of the standard with
the wave behavior pattern observed from the tube being
inspected, a decision as to acceptability of the tube can be
made.

SUMMARY

This system is not a new N.D.T. system for production use,
but the Schlieren system presents many possibilities to be
used as a support system for training, for research, and for
development.

One of the most valuable contributions of the Schlieren
system, as previously mentioned, would be the physical
observation of acoustic phenomena and wave behavior pattern.
This allows the proper positioning of transmitter and receiver
and affords the inspector a better means of understanding the
results he obtains from a given system.

The application of ultrasonic Schlieren systems presents
a means of better understanding the phencmena connected with
the propagation of acoustical energy through a media.
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FOREWORD

This report presents a summary of dsvelopmant effort conducted under NASA

Contract HBS:?O?& for the determination of bond strength in honeycomb com-

posite materisls., This report was presented at the Aerospace-AFML Conference

on KDT of Plastic/Composite Structures sponsored by the Aerospace Corporatior,

#r Forc;h)ihteriala Laborstery and University of Dayton, March 18-20, 1969, at
aytox, O,

ABSTRACT

This paper describea s program to develop HDT instrumentation for the
deterxminaiion of bond strength of adhesive in Loneycomb materials suitable
for large tankage such as the Saturn S-U4B and SV vehicles by means of an
analytical and experimental prograr relating the variation in viscoslastic
properties of an adhesive tc the cohesive bond strangth of the adhesive. The
adhesive damping data predicted that the composite vibrational response ampli-
tude would decrease with elevated temperstures, and the relaxation character
of the degraded adhesive would show a smaller activation energy. Vibration
anslysis ssasuremsnts verified that the damping of the adhesive uas related
to the cohesive bond strength by determinations of the internal friction at
the fundemental and harmonic frequencies of the relative vibration responss
peak smplitudes, The development of a nondestructive test syster is de-
scribed for measwring the damping in adhesive bonded honeycomb composites.
Msasurements on composite specimens at various temsperatures showed a frequency-
internal friction relationship which clearly distinguished differences in
cobssive bLord strength.
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ABSTRACT

This paper describes a program to devolop NDT instrumsntation for the
determination of bond streng‘h of adhesive in honeycomb materials suitable
for large tankage such as the Saturn S-4B and SV vehicle by means of an
snalytical and experimental program relating the variation in viscoelestic
properties of an adhesive to the cohesive bond strength of the udhesive,
The adhesive damping data predicted that the composite vibrational rasponse
amplitude would decrease with elevated temperatures, and the relaxation
character of the degradsd adhesive would show a smaller activation energy.
Vibration analysis messurements verified that the damping of the adhesive
wae related to the cohesive bond strength by determirations of the intsrnal
friction at the fundamental and harmonic frequencies of the relative vibra-
tion response pesk amplitudes. The development of a nondestructive test
syster is described for measuring the damping in adhesive bonded honeycomb
conposites. Measurements on composite specimens at various tomperatures
showed a frequency-internal friction relationship which clearly distin-
guished differences in cohesive bond strength.
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INTRODUCTION

Previous deveopment programs have resulted in the development
of reliable industrial instrumentation for the detection of bond/debond
conditions in adhesive bonded honeycomb materials. These investigations
have also shown the need for a method suitable for determining the actual
or relative bond stremgth of such structures in cases where a bond ex-
ists. The primary objectives of this program were the development of a
systematic approach to the measurement of adhesive bond strength, thor~

ough investigation of a generalized conceptual model and the development
of au industrial applicable NDT system.

TECHNICAL APPROACH

The failure of an adhesive bond generally occurs by a failure
through the adhesive rather than at the interface between the adhesive
and facing sheets or honeycomb core when proper manufacturing processes
are exployed. The failure through the adhesive was definad as cohesive
failure, to distinguish it from adhesive failure, which is failure of
the interface. The development problem was therefore to find a physical
property of the adhesive related to cohesive stremgth. General tests on
organic adhesives shcw that under stress they act ae viscoelastic solids,
and their response to an applied stress is tims dependent. This effect

is charsoterized by frequency (f) dependent pesk of the intermsl friction
tar & according to the relation

tan 8 = K £ t/(1 + £2 ¢2)

vhere ¢ is the relaxation time.

Tha internal friction is proportionsl to the energy dissipated per
cycle of vibration; the maximum ocours when ft = 1., A curve plotting
ten § against £t will peak at this point, figure 1A. From the shape of
this ocurvs and the frequency dependency, it was considered that the
underlying hypothesis of a Zenar relaxation process was evident in a
scries of vibration tests on lap shear, figure 1B, With a greater in-
teraal friction, the sdhesive absorbs more energy and is, therefore, a
measure of its cohesive strength. It was, therefors, considered that
honsycomb composite vibration tests should also show nondestructively a
relationship betwean the adhesive bond strength of an adhesive and its
internal friction,
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A development plan was establishsd for the following related and
interdependent tasks:

a., Determination of the material properties of the honeycomb
composite constituents and in particular the cohesive strength damping
properties of the adhesive.

b. Mathematical analysis to define the interrelations of adhesive
properties and their effect on the resoneat frequency and damping of the
compogite including such psrameters as the bond's viscoelastic proper-
ties, core stiffness, flexural stiffness of the face sheets, and thick-
ness of the bord layer,

c. Preparation of representative composite specimens of varying
cohesive strength to provide a test criteria for NIT system eveluetion.

d. Vibration spectrum analysis to determine the elastic propertiss
of the compcsite and deviations due to variatiosne in cohesive strength
with concurrent test method development,

MATHEMATICAL, ANALYSIS

A comprehensive mathematical snalysis of the vibrational response
was conducted to: a) reliasbly determine the interrelationships of the
elastic propertiss of the honeycomb composite, b) determine the visco-
elastic properties of the adhesive, considered to be the primary damping
contributor, and c) determine the composite vibrational response char-
acteristics i.e. frequency, awplitude, etc. Experiments had shown that
for composites having smail honeycomb cells as compared with the trans-
ducer size, that tue honeycomb core could be substituted by a continuum
representing the core properties and the adhesive was assumed to act
evenly over its surface. A mathematical model was developed and analyzed
in terms of loading and effect. The sdhesive which is viscoelastic in
pnatvre was expected to behave as & standard linear solid and was expressed
as frequency-time depexdent psrameter. Relations were similarly developed
for the core and facecheet materiala ard expressions were formulated
rvelating spplied stress tc deflection and in turn to the vibration be-
havior of the honeycomb compoaite in terms of resonant frequencies, the
shape of the frequency spectrum, and the maximum displacement of specific
vibration modes. 3Briefiy, the mathematical anslysis showed that the
resonant frejuency was dependent c¢n the geometiical configuration of the
composite and the component mete&llurgical properties. The amplitude of
deflection and half-band width was depsndsnt on the demping of the com-
posite compopents. The mathamatical analysis was successful in defining
the design criteria for a vibrational NOT method in terms of driving
stress deflection megnitudes, and the reauitant response frequency range.
These paraneters wave initially verified in the preliminary development
of the DOT Vibration Aualyais Teai Syste=.
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ADEESTVE PROPERTY MEASUREMENTS
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Adhesive specimens were prepared in rod form for damping determina-

tions +ith an internal friction spectrometer. The specimens were prepared

in block form by laying up 6-700 pieces of 2 by 2 inch HT-424 type III
adhesive film and bonding in a restraining dis, figure 2. The specimens
were then machined to 1/4 inch diameter by 5 inch lengths. The essential
feature of the spectrometer is the fact that it holds the specimen in
oscillution at its resonant frequency and at a preset strain amplitude,
regardless of the energy dissipated in the specimen, and measures the
internal friction of the specimen through e measurement of the driving
force necessary to maintain the preset amplitude. Consequently, the
ingtrument permits continmuous measurements of the specimen resonant
frequency and hence Young's modulus.

Damping measurements on three adhesive specimens curad at a differ-
ent temparature (200F, 250F, and normal bond of 350F) generally confirmed
that the adhesive behaved as a "standard linear solid" for which the fre-
quency resonance and elastic modulus very with adhesive strength,
figure 3A and 3B, Further, it was shown that the adhesive damping was
directly related to test temperature, figure 3C, and in tura to boad
strength.

Hopeycomb Compogite Specimons

An empirical approack was follcwed for deliberate degradation of
honeycomb composites of the type used in the Saturn common bulkhead.
Various degreas of preaged adhesive film were used to similate rond
strength levels, Figure 4 shows that the bond degradation was success-
ful and that a desired level of bond strength could b achieved with
reasonable certainty., The fracture stress-time relationship was not
linear and some degree of deviation wae expected due to the chemical
nature of the adhesive cure cycle. 4 significant variation in temsile
strength values (from %50 to goo psi) was noted for coupons cut from
the same specimen. This variation was considered high but in accord
with the manufacturer's test results.

Based on this degradation dats, a series of honeycomb specimens
were fabricated witk varying bond strength values ai either one or
both of the honeycomb adhusive leyers. To ensure reliable correlation,
all specimens were prepared at one time using identical procedures and
the same bulk material stock. A tabulation of the specimens fabricated
to date is shown in table 1, The bond strenmgth data are nominal designu
values as verified by destructivu test data obtained from specimens cut -
from the ssme panel; however, due to the data spread in these types of”
tests, uxact values wers obtained for specific NDT areas, '
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Table 1

DESICMATION | THIGNSSS | THIoBSs | Srs | SmmNar (peT)
A 0.063 k.75 3/16 603
B 0.063 4,75 /16 546
c 0.063 4,75 3/16 515
D 0.063 4,75 3/16 401
100 0.02 4,75 3/16 67
50 ) 0.02 4,75 3/16 555
25 0,02 4,75 3/16 256

Al]l dimensions in inches

o

FACESHEET ——w»
wea o

HRP CCRE

HT 424 ADHESIVE

=z
=
9
=1
=




NDT SYSTEM DEVELOPMENT

e
i
H
F
,

The mathematical analysis showed that a method of measuring the
coheasive bond strength of an adhesive composite should determine either
the resonance response amplitude or halfband-width and that measurement
must be performed under controlled structure geometry conditions in-
cluding boundaries, supports, transducer contact, etc., as well as
controlled frequency, temperature and driving force parameters. Using

. the mathematicel model, typical driving force leveis were required in

s the order of 0.1 to 1 psi producing deflections of the order of one to
10 microinches for the Saturn type homeycomb composites. The frequency
test range calculation was based on the boundary conditions established
by the size of the honeycomb cells., The high frequency response was
approximately 100 kHz for a 3/16 inch cell and 1 kHz for a 3/% inch
cell. The number of cells affected by the degrading adhesive deter-
mined the low frequency response., Therefore, the frequency range was
defined for this investigation from several cycles to above 100 kHz.
Further, since resonance and vibration analysis methods were used to

3 determine the elastic properties, absolute measurements were compli-

3 cated by the fact that contact type transducer measuring techniques

- could cause response deviations or change the nodal patterns within

the structure causing the actual response to be obscured. Therefore,

pseudo boundary conditions due to tramsducer fixturing anmd structure

support required exacting analysis and control.

The DOT system employed a transducer with coaxially mounted electro-
magnetic driver and displacement semsor capable of differentiating be-
tween the vibrational responses of widely differing bond strength
honeyconb composites. In general, the honeycomb composite frequency
responses occurring below 0.8 kHz were affected by specimen supports.
Response peaks at approximately 1.3, 1.9 and 2.5 kHz were character-
istic of the composite damping propsrties exclusive of the effects from
support geometry variations. However, the lower frequency pesks were
considered equally representative of the composite damping properties
as long as the geometry variables were carefully controlled.

The respcnse vibration amplitude was expressed in terms of damping
as

A = KF/§

] where K is a proportionality constant, F is the excitation force and §
1 is the damping factor. For the electromagnetic type DOT transducer,

2
A = Ki, /8
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Therefore, the damping factor may be determined from vibration resonance
measurements by either a direct measurement of the peak amplitude response
by plotting A va 1,2 yielding the slope of the line (S) is equal to K/

or 1/S. Further, it was shown that
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gince the drive force is maintained constant for comparative measuréments.
Other forms of excitation were considered & high energy, high frequency
air pulse generation system was developed and evaluated., The air pulser
: utilized a Laval nozzle to produce supersonic airflow which was chopped
at varying rates to produce a 0 to 20 kHz excitation source.

D ac T cer {DOT

The Displacement Oriented Transducer (DOT) System, figure 5 is
basically a vibration analysis method capable of producing high level,
automatically variable frequency excitation forces in a metallic structure
and detecting microinch displacements and providing vibration response
recordings. The simplified block diagram shown in figure 6 illustrates
the major components inciuding s swept frequency source and power ampli-
fier driving an electromagnetic transducer. ZExcitation levels are
available up to 15 amperes at 30 volis over the 10 Hz to 20 kHz Zrequency
range. An operational amplifier is used to compare the input sine wave
signal with a feedback signal proportional to the transducer current to
correct for coil impedance changes ani ensure constant current drive over
the operating frequency range. The driver transducer cam produce force
levels cf approximatély 8 psi in the aluminum facssheet materials at the
high excitation izvals, The vibration response detsction system uses a
comercial fiber-optic dispizcement instrument with a displacement ampli-
tude of 5 microinch/mv over a dc to 40 x¥s frequency range. The fiber-
optic probe, figure 7, was accurately positioned coaxially in the
excitation transducer. The displacement instrument was modified to
provide an amplified and demodulated ac output proportional to the
measured dynamic displacement amplitude. The displacement signals were
monitored directly on a cathode ray type spectrum analyzer and/or plotted
on an X-Y recorder as a function of the excitation frequency. This system
provided an sutomatic recording of the dynamic frequency rssponse cf the
structurs. Other system components included an auxiliary heater-controller
systen, temperature recorders and indicators, and a digital frequency
counter,
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Operation of the DOT system is based on the comparative vibration
response measurements on composite materials of known strength properties
and system calibration of the strength deviation from the norm in terms of
either a resonance response amplitude, frequency or half band-width
measurement, The DOT transducer is operated either noncontact or supported




on the composite with varying sized rings or three point contacta, The
compoaite is swept frequency driven at selected excitation levels until
a significant response is indicated. Particular frequency resonances
related to the geometry effects of the test syctem are sscertained and
orly these resonances associated with the damping of the composites are
measured.,

Vibrational response measvrements using the DOT system were carried
out at elevated temperatures using two approaches &) the entire speci-
men and DOT transducer assembly were thermalily cycled in an oven and
b) the specimen was maintained at ambient with the local surface area
heated by the DOT transducer exciter coil by eddy current heating sup-
plemented by an auxiliary resistance type heater.

Oven Tegts

The low frequency response dsta for fourteen tests are shown in
figure 10 and in figure 11. TI% was noted during the test that partien-
lar frequency pesks shifted with temperature and the data were plotted
by compering the amplitude of the same frequency pesk in each specimen
ragponse. It is evident that the low frequency response peak amplitude
in the 150 to 160 Hz range increased significantly with increasing tem-
perature tests. It was further evident that an optimum test temperature
could be selected in the 130 to 160°F range giving an amplitude test
range of 200 tc 250 milivolts.

Increasing the excitation curremnt from 5 to 10 awperes increased
the amplitude range to approximately 0.1 to 1.0 volts. A comparisor of
the expected temperature relationship shown in figure 8 with the general
trend in figure 9 shows the predicted spread in bond strength data for
the different specimens. The predicted adhesive damping-tsmperature
relationship was confirmed,

The high frequency response data for the same specimen test series
is summarized in figure 10. The data were plotted using response fre-
quency peeks at approximately 1300 Bz. The same bond strength data
relationship was evident with a lower respornse amplitude. The frequcncy
changes for the four specimens are shown in f£igure 11 and represent
another means cf differentiating between good eand degreded composites.

The elevated temperature tests performed in the oven showed con-
clusively that the DOT vibration response and anslysis method of de-
termining bond strength was a practical meens, T- s method alone would
suffice for testing composite materials of suitabls size or configura-
tion where either the entire structure or sseiscted areas could be
environmentally hested to test temperaturss, however, the spplicability
of this method for complex structurses such &a a Satuz vehicle was
considered limited, Therefcre, the DCT syster wes evaluated for wne
sided selr-hseting capability.
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&lg-ﬂga‘tm Tests

This evaluation was conducted under laboratory environmental con-
ditions with the DOT transducer driver employed to heat a local area of
the composite by eddy current effect and supplemented by a guard-type
registance heater integrally mounted around the DOT periphery. The
heated area was approximately 6 inches in diameter, and tests were con-
ducted a;ec intervals of 10 to 15 minutes allowing temperature stabiliza-
tion of C.

AN AR YT » AT IR

In considering the transition from the oven tests, & preliminary
evaiuation showed that clamping was not necessary for damping measure-
ments above 0.8 kHz. Further, the application of heat from only one
side of the composite reduced the response peak amplitudes by approxi-
mately 25 percent, which still permitted a reasonable signel-to-noise
16“10

RN UL g 0802

The same speclisen ssries tested in the oven evaluation were retested.
The nmeasurement method included a frequency scan to determine response
frequencies related to the composiie properties and unaffected by the
spacimen geometry or support, Vibration response measurements were made
et four or five temperatures after thermal sisbiligation. The response
peak amplitudes wsre recorded as a function of frequency at 5, 7, 10,
12.5. and 15 ampere driving coil current,

The peak response amnlitude data at 15-ampere drive were plotted as
a function of bond strength as shown ir figure 12. The amplitude-
strength relationship is in accord with the previous oven test data and
shows a proportionately increasing response amplitude with increasing
strength., Figure 13 also shows the response frequency dependence with
strength es predicted and as observed in the oven test data. It was
therefores concluded that the transition from the oven tests to laboratory
gelf-heating conditions was successful.

It is worthwhile to exsmine the test results of oven and laboratory
DOT in terms of the damping chara~teristics determined for the adhesive
rods. According to tha ajhesive damping cheracteristics, it was ex-
pected that the vibration amplitude of high cohesive strength composite
at resonance would be larger than that of a low-strengtb composite under
the same conditions of stress drive since the amplitude of vibration at
resonance is proportional to the driving force and inverssly proportion-
al tc the damping. Therefore, since the adhesive damping was considered
%o be the Jominart contribution to the total composite damping, the
vibration amplitude vas expected to decrease with increasing temperature;
3 at any ocne temporature, the amplitude of wvibration was expected to in-
1 crease with increasing bond strength since the damping characteristics
H are displaced to higher temperatures with increasing bond strength.
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This amplitude increases is based on the fact that the relaxstion time
for adhesive deformation increases as the adhesive cure proceeds %o
completion. The adhesive damping at lower temperatures is smaller,
ther~by minimizing the differences between the vibration amplitudos

in the high~ and low-strength composites. In addition, the siope of _
the resonant frequency versus tempersture plots for tha composites

was expected to also show the influsnce of cohesive bond strength
since the adhesive rod-damping characteristics shoun were apparentiy
the low-temperature slope of the relaxation meximum, At the damping,
the modulus of the material goes from an anrelaxed state snd is -
comnoniy known as the modulus defect typical in &1l mechanical relaxa-
tion mechanisms, This "defect" always correspends to a lowering cf
the modulus and is superimposed upon the normsl tempereture dependencz
cf the resonant frequency. Thus, at a given msasurement frequency,
this effect occurs at lower temperatures for the lower strength speci-
mens, and the average slope of the resonance frequency versus tempsrs-
ture curves should be larger for the low-strength bords than for the
high-strength bonds. The DOT development was premised on the fact that
the measurement frequency and temperature scale were selected so that
the maxima in the demping curves occurred at the higher temperature
condition. The test results for the oven and laboratory DOT tests
agree with the above analysis and conditions. It wac concluded that
the measured response amplitudes of the composites were controlled
primarily by the adhesive, and that a good correlation of nondestruc-
tive test and cohesive bond strength was established for both the
damping and resorant frequency properties. It was a little surprising
that the effects show up in the resonant frequencies since the adhesive
contribution to the modulus was expected to be small; however, the
modulus defect of the adhesive is apparently large encugh to contribute
significantly to the measurements.

CONCLUSIONS

The DOT vibration analysis has shown that semiquantitative cohesive
bond strength measurements are practical under elevated temperature con-
ditions. The mathematical model accurately predicted the need for
control of geometry, driving force and temperature. The DOT System
verified the conditions by direct measurement of each parameter and its
effect on the determined values or cohesive bond strength,

The DOT measurement method included two forms of vibration response
amplitude determination and a vibration response band-width determination.
The data from a1l three methods show excellent agreement, although the
amplitude-force measurement method is considered potentially the more
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3 promising since the technique permits direct normalization of the damping
= . data between measurements on a single specimen or between similar speci-
N : mens degignsd to have comparable or even dissimilar materials as long as
the measurements are made at resonance, Further, materials with varying
geometry suck as the tapered Saturn bulkhead can be tested by absclute
comparison of the amplitude response data from either thin or thick
sactions.

E: . It is therefore concluded that the DOT System is fundamentally
established as a practical method for determining cohesive bond strength.
: In its present state of development it is a useful laboratory mecdel for
3 : semiguantitative measurements, The final system development for pro-
duction type applications must depend on further material characteriza-
tior snd syztem optimization for particular test conditions.
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A. FEZQUENCY DEPENDENCE OF INTERNAL FRICTION

; "wTEENAL FRICTION
¢ {ARPITRARY UNITS)

0.01 0.1 1.0 10 100
ft

B. INTERNAL FRICTION RELATIONSHIP TO BOND STRENGTH
0.04

0.03

0. 02
/\ 25 KHz SHEaR

QO 2.1 KHz FLEXURE

—cr

0 800 1600 2400 3200 4500 4800
BOND FRACTURE STRESS (PSI)

Figure 1. Internal Friction Relationships
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FLATWISE TENSILE STRENGTH
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Figure 4. Tensile Stress-Time Relationship for Varying Preaging Conditions
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] Figure S . Photograph of the NR DOT Bond Strength Tester
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Figure 6. Block Diagram of the DOT Vibration Analyzing System
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RESPONSE AMPLITUDE - MILLIVOLTS

Figure 9.

400 450 500 550 600
BOND STRENGTH - PSI

Low-Frequency Relationship Between Bond Strength and DOT Response
Amplitude (0.02-Inch Facing Sheets)
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Figure 10. High-Frequency Relationship Between Bond Strength and DOT
Response Amplitude (0.02-Inch Facing Sheets)
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RESPONSE AMPLITUDE - MILLIVOLTS
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Figure 12, DOT Vibration Response Data Using Self-Heating for Unclamped
Honzycomb Composites With 0.063-Inch Facing Sheets
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Figure 13. DOT Vibration Response Frequency Versus Bond wangth (0.063-Inch
Facing Sheets)
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This paper discusses the fabricetion of qualitative and quantitative
test standard panels, the development of rondestructive test procedures
and the implementation of methods into production, -

In it are described qualitative procedures for detection of internal
honeycomnb core damage, unbonded areas in uwultiple metal to metal
laminates and quantitative procedures hased on correlation of ultra-
sonic response with bond strength of both honeycomb sandwich and metal
to metel adnesive bonded structures,

Problems encountered with the new low cure temperature adhesives, as
they influence nondestructive testing parameters of specific hoaeycomb
typ2 structures, are presented and some methods of problem resolutions
are described.

The Fokker Bond Tester, an ultrasonic resonance type instrument is used
for all quantitative nondestructive testing of bonded structures at
Northrop Norair,

INTRODUCTION

Adhesive bonded structures ere normally classified into two general
configuraiions, Metal to metal, consisting in its simplest form, of
two pieces of sheet metal bonded together, and honeycomb sandwich
structures, which is more or less self-explaratory in that a piece of
honeycomb core is bonded between two pieces of sheet metal. There
ave many variations of these basic configurations, and depending

upon the applications, the structvres car be very couplex,

Tite design engineer who szlects a certain adhesive syztem, nmsxes his
choice based on machanical properties which bave been 2stablished vy
the mar<factuzer or the laborat~ry of his own company,

With belted joints. it is sufficient to test a number of bolts in order
to be abdle to calculate with reasanable accuracy, tae strength of the
joint, However, this is not flie case with cdhesiser.

Preparation of test specimens ia the laboratery, nsing the samwe aghesive
as in the actual production operation, give results that will not tell
much about the cuality of tkhe bunded productior: structures,
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The mechanical propertics of the cured adhesive material are the results
of the process itself, consequently there can be mauy reasons why the
laboratory specimens will yield different strength valuey from the
production joints, which have been made with the same adhesive.

The strength figures given in adhesive data sheets have been established
by testing standardized specimens., Since the stress distribution in the
bonded joints of the specimens may be completely different than those in
the production structures under load, the quality of every important
bonded joint should be compared in some way with the desired quality level.

These facts make quality controi of adhesive bonded structures very
difficult, The normal quality control procedures for bonded structures,
requires periodic acceptance tests of adhesive material, aud rigid
controls over the processes used in the bonding operation, These controls
are used in conjunction with destructive tests of coupons which are
processed with the assemblies, The bond strength of the part is assumed
to be that of the test specimens,

We at Northrop Norair do not feel this to be true. These procedures do
not evaluate the strength of a particular joint, but only define the
quality of bonding on a statistical basis., Testing of completed joints
was limited to methods such as visual inspection, simple mallet or coin
tapping techniques, proof loading or cutting out of small test buttons.
Therefore, it was evident that a nondestructive .ethod for determining
the bond strength of a joint was necéssary to assess the quality of an
adhesive bond, The questions with which we were concerned was not only
do we have unbonded or void areas, but how strong is the bond? To
determine this, it was necessary we come up with instrumentation and
procedures which would give us a quantitative evaluation of bonded joints.

After an evaluation of several ultrasonic instruments, the Fokker Bond
Tester was selected. Since we were to determine the strength of the
bonded joint, it was necessary that we base our curves on destructive
tests that could be correlated to instrument response.

TEST SPECIMEN PREPARATION

The importance of test specimen cannot be over emphasized since the
major problem in preparing correlation curves is fabricating test
specimens with quantiative variations in bond strength. Specimens
prepared in accordance with conventional methods were found inadequate
to control the quantitative variations in bond line thickness.
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Specimens v’ intermediate strength are partirularly difficult to
prepare due to the many variables affecting bond strength, the
response sensitiviiy of the Fokker Boud Tester to these variables,
and the necessary relailonship between discrepancies in the test
penels to those causing weak bond strength in production assemblies.

Test specimens were prepared using ithe same metal thickness combin-
astions, ".: & «¢ su ™ nze preparation, bonding processes and adhesive
materials -3 thz .-  -3. assemblies,

Our whole concept of quantitative evaluation of bonded structures was
based on the mismatch of detail components and bonding tool wear which
allows gaps between adherends to exceed bond line tolerances.

Various methods of producing satisfactory test specimens were tried,
The final and most accurate methods are shown in Figure _1 which is
a picture of the type panel for lap shear specimens,and Figure _2
which shows the configuration for honeycomb flatwise tensile.

It will be noted that the shims support the bond area on all sides.
This type of shimming reduces the problem of having a concave center
which would not be a reliable specimen for testing, During cure a
heavy caul or pressure plate is positioned on top of the panel with
a piece of rubber on top. It has been found that the pressure plate
is necessary to prevent adverse pressure distribution which results
in the above mentioned concave condition.

Prior to fabricating test panels for quantitative evaluatioms it is
necessary to conduct tests to determine the limits of gaps which can
be tolerated, Once this has been established test panels can be
prepared using shims up to the top limits as determined by the
preliminary data.

Qur normal procedure is to fabricate test panels using no control of
bond line thickness, and panels with ,010" ,012" ,015" or other shims
as deemed necessary.

As an example, when test panels were prepared for plotting correlation
curves with avinyl-phenolic adhesive thke shim sizes ranged from ,008
inch to .025 inch, With this range we were able to plot very good
correlation curves; however with a nitrile epoxy adhesive the shims
ranged from ,006 inch to .016 inch.

To clarify our concept of shimming to induce a low pressure bond area,
we do not care if the gap between the test panel adherends is exactly
the size of the shim, All we are concerned with is that there is a
difference in Bond Tester reading and physical strength,

S st ol i) o aallabis
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Normal procedure is to prepare sufficient test panel to be able to use
at least 100 specimens for data evaluation and plotting the correlation
curves,

All lap shear panels are prepared with a 0.5 inch overlap. All honey-
comt flatwise tersile specimens are prepared 2" x 2" x core thickness.

To prevent peeling of lap shear specimen made from thin metal, the
specimens are ultrasonically inspected and then thicker metal back plates
are bonded on each side. This reduces the error which would result from
Jeeling action and metal failure.

All specimens are cured using the same cure cycle as for the production
assemblies,

DATA EVALUATION

Figure 3 is an actual laboratory work sheet which tabulates correlation
data of frequency shift quality units versus destructive lap shear strength,

The correlation curves are established by plotting the points and drawing
the best fitting curve, Honeycomb flatwise tensile are eveluated in the
same manner; however when testing the flatwise tensile specimens ultra-
sonically a total of nine readings are taken on each side of the sandwich
(depending on probe diameter), These readings are then averaged and depend-
ing on which side, top or bottom, fails in tenuion the average ultrasonic
reading is noted for the tensile value obtained,

It is possible to have what is called a substandard reading and still
have an acceptable test, The failing stress is really an average of the
area being tested, therefore the above type condition is acceptable.

The failure mode of all specimens, both lap shear and flatwise tensile is
noted. To obtuin reliable correlatior, specimen failure must be caused
by exceeding the cchesive strength of the adhesive layer. Failures caused
by exceeding the strength of the adherend, or the strength of adhesion at
the adhesive - adherend interface do not correlate with cohesive bond
strength or with Fokker Bond Tester readings.

Figure 4 is the lap shear correlation curve obtained from the work sheet
in Figure 3 .

A typical honeycomb flatwise tensiie laboratory work sheet is indicated in
Figure 5 and correlation curve is shown in Figure 6 .

-4 -
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It is necessary to use another type of correlation curve for lap shear
called the quality diagram, to correlate the nondestructive and destructive
shear strength of a bonded joint. This is due to the non-linear relation-
ship between bond ctrength and bond area, or thickness of adherends, This
condition is caused by deformation of the adherend under load, which
causes stress concentration in the joint,

Details on how to prepare this type curve will be found in the ASTM

"Proposed Method for Inspection of Adhesive Bonded Structures Utilizing
the Fokker Bond Testert,

DATA VERIFICATION

Once the laboratory work has been completed and correlation curves and
acceptance limits established, the methods and procedures are introduced
into normal production inspection., It might be felt that this is a
dangercus procedure, since all the data available has been obtained from
laboratory specimens; however, all adhesive bonded structures follew a
so-called dissection schedule which requires that a completed assembly
be dissected, examined and tested periodically. Table _1 indicates
this schedule,

Prior to dissection, each qualification assembly is ultrasonically
inspected in accordance with the specified procedures. All instrument
readings are recorded, the assembly is cut into lap shear and honeycomb
flatwise tensile specimens and destructively tested.

From the ultrasonic readings, the physical strength of the specimen is
estimated from the applicable correlation curve. This value plus the
actual value are plotted to show statistical correlation between non-
destructive and destructive test values. Figure /-8 and Table _3 .

These data are accumulated until the degree of reliability is such that
it is feasible to open up the dissection schedule to that suown in
Table 2 *

This procedure is used for each adhesive bonded structure on the F-5
and T-38 aircraft.

One item which I feel everyone is very interested in is cost savings.
Adhesive bonded structures are expensive and each time one is rejected
money goes down the drain; however before the recent change of adhesive
systems at Northrop Norair the dissection of bonded structures was

s astntit st SRS A 1




reduced from one out of every 30® unit to one out of every 100 unit,
This was not only a cost saving item, but also with the verifiable data
a greater degree of quality assurance was obtained.

3 TABLE _1
i DISSECTION SCHEDULE (Each Bonding Tool)
i Accumulated Assemblies Dissect

- 1 through 10
3 11 through 25
26 through 50
3 Each 30 thereafter

T
Pt s pt et

T

™

TABLE 2
{(After Verifiable Ultrasonic Data)
DISSECTION SCHEDULE

R S K

3 Accumulated Assemblies Dissect
1 1 through 8 1
5 9 through 15 1
16 through 50 1
i Every 50 thereafter 1

METAL TO METAL MULTIPLE LAMINATES

The quantitative evaluation of multiple bond lines is very difficult.
The problem encountered is the effect of each bond line upon the other
from the standpoint of instrument response.

A great deal of study has been made by Norair of this condition and the
final analysis has been to evaluate multiple bond lines qualitatively since
- the results of the quantitative study indicated that the scatter was too

3 great for good correlation. The procedures established utilize so called
- step panels Figure _9 for ultrasonic comparison. Testing multiple bond
lines for voids is based on the principle that the zero quality {void)

and ideal bond quality can be determined by a standard having a void in
the top sheet. Adjusting for zero on the top sheet permits testing the
first bond line. Adjusting zero on a well bonded laminate equal to the
thickness of sheet 1 and 2 can be used for checking the second bond. This
method will detect voids or unbonded area in laminates containing 4 bond
lines and lccation of the void cam be determined.

i o 0
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BUCKLED AND CRUSHED HONEYCOMB CORE

Certain honeycomb structures for the F-5/T-38 aircraft are crushed edge
assemblies, The exterior surface is flat; however, the inner skin surface

is a pan type configuration with a transition area at the edges forming
the crushed edge.

The honeycomb and skins are assembled and then crushed under hydraulic
pressure, If the inner pan section is under tolerance it is possible
that the field core will be buckled duriag the crushing operation.

To detect this possibility a procedure was developed for ncndestructive
inspection of these assemblies,

It was possible to astablish limits based on degree of buckle. Figure 10
and Figure 11 show the difference in scale readings between a good section
and a crushed section.

Low frequency transducers in the range of 50-70 KHz are utilized for this

type inspection. The method has been used for field service and found to
be very accurate,

RUPTURED HONEYCOMB CORE

The possibility of homeycomb core adhesive bonded structuring sustaining
core rupture or discontinuity is not common, however it does occur due

to some type Gamage anC a method of nondestructive inspection is necessary
to detect this condition, Norair utilizes through transmission for this
tvoe of nondestructive inspection,

To properly inspect by this method it is necessary tc provide test samples
of known quality to establish a relationship between the ultrasoric equip-
ment and the parts to be tested.

The reference standards should be fabricated using the same adhesive system
and processing cycles including the finishing paint system if applicable.
The reason for including the paint system on the standards is due to field
service where it is not advisable to attempt to remove the paint,

The reference standards are marked off. in areas indicating percent of rupture
covered by the receiving transducer crystal (i.e. 507% area indicates that
50% of the receiving transducer crystal area is located over ruptured ccre),
Figure 12 and Figure 13 show how the reference standaxrds are prepared and
utilized. Figure 14 is a curve indicating spproximate rupture size versus
relative signal amplitude. Figuresl15, 16, 17&1Bindicates wave form ampli-
tude corresponding to rupture size,
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In order to conduct tnrough transmission inspection cccurately it is
mandatory that the trausmitter and receiver be in exact opposition.

Figurel9 & 20 show the type templates which are used for this
inspection, ’

NEW ADHESIVE SYSTEMS

The original correlation curves feor groduction nondestructive inspection,
were based on assemblies bonded with a vinyl phenolic adhesive system.
Due to the *gap filling" properties of this adhesive, the problems of
producing good correlation curves was minimal. It could be stated that

the instrument reading and strength reductions were almost proportionail
to the gap size between adherends.

However, with the introduction of the modified epoxy low cure temperature

adhesive systems, problems were encountered with tapered or wedge type
honeycomb sandwich structure.

It appears that these type adhesives which do not have gap f£illing
properties, that affect the density of the material, requires a lower
frequency for nondestructive inspection., This is where the problems
occur, because using low frequency of the resomance type not only measures
the cohesive properties of the adhesive, but also the core thickness.

Full scale needle deflection occurs during test from the thick sectiom of
the sandwich structure to the thin trailing edge. No degree of correlation

could be established between instrument readings and physical strength using
the normal transducers.

Considerable time was expended testing various type tramsducers and crystals
in an attempt to establish the correct frequency and vibration mode.

Special crystals were manufactured to our requirements and some success
has been achieved, since procedures and correlation curves have been
established for all but two of these type F-5 and T-38 honeycomb structures,

and it is anticipated that additional studies will result in complete
rasclution of this problem,

The established procedures are very sensitive and has necessitated retrain-
ing of N.D.T. operators and calibration of all equipment tc establisk
frequencies at specific instrument settings.

NONDESTRUCTIVE TESTING IN PRODUCTION

The introduction of a nondestructive test method into the normal production
inspection procedures is the culmination of all the previous laboratory work.

Northrop Norair's procedure is spelled out in the Process Specificatioms
which give the part configuration, metal thickness combinations, Fokker Bond

-8 -
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Tester probe size, applicable instrument settings, acceptance limits

and percent of assembly area to be inspected. This ranges from 100%

to 107% depending on the critical loading of the assembly. No templates
are used for testing, thereby a random type sampling is obtained,

Sketches of all honeycomb assemblies are available for inspection personnel
to record sub-standard readings and locations.

I do not want to give\the impression that the introduction of nondestructive
methods of testing adhesive bonded structures was accomplished without

some differences of opinion. I am sure that most nondestructive test
engineers have encountered the problem of inspecting a production assembly,
finding discrepancies, and rejecting the part.

Production personnel are a hard breed of people to convince that a little
black box can determine the quality of their assemblies., In our case it
was necessary to dissect several production assemblies to convince the
skeptics that the results of the nondestructive tests were gglid. After
several of these cases, we made "believers" of them, and at the present
time the results of nondestructive inspection are not questioned.

CONCLUSIONS

The work with the Fokker Bond Tester over the past eight years has resulted
in the application of this type of nondestructive testing for quality
control of various adhesive systems involving a number of bonded structures.

Basically, the method is capable of determining cohesive strength of metal-
to-metal and skin-to-core type bonds, It is necessary to prepare suitable
correlation curves to correlate nondestructive test parameter with bond
strength, The primary limitations of the Fokker Bond Tester method is its
inability to evaluate the strength of adhesion at the interface unless
either voids or sufficient porosity zre present to atffect ultrasonic
response,

Rigid process control is still required since the instrument is relatively
insensitive to degradation of bond strength due to improper compounding,
contamination or incomplete cure of the adhesive material. These type
conditions cannot be accurately determined by the Fokker Bond Tester or
by any other existing nondestructive test method.

The implementation of nondestructive testing, utilizing tlie Fokker Bond
Tester, at Northrop Norair has resulted in the following:

1. Increased quality assurance resulting from verifiable
data as to bond strength,

2, 1Increased quality assurance resulting from verifiable
data as to internal conditions of honeycomb core.

3. Increased production due to the abilicy to determine quality
of assemblies during normal nondestructive inspection.
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STEP PANELS

FIG. 9
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FIG. 12

RUPTURED HONEYCOMB CORE REFERENCE STANDARD
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Ruptured Size - 25% of the area covered by the .312 inch diameter Receiver

FIG.16

Rupture Size - 757 of the area covered by the .312 inch diameter Receiver

Note - 100% rupture of area covered by the Receiver will indicate ro "pip" on

the base line,
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Rupture Size -~ 50% of the area covered by the .375 inch diameter Receiver

No Rupture - 1007 of the area covered by the .375 inch diameter Receiver
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Alignment Template Exterior Surface
Wing Panel Assembly Upper

Fle. 20

Alignment Template Interior Surface
Wing Panel Assembly Upper
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ESTIMATED STRENGTH FROM CORRELATION CURVES VS. ACTUAL PHYSICAL STRENGTH

A SR KRG TGt B

F-5 & T-38 QUALIFICATION ASSEMBLIES

NITRILE EPOXY ADHESIVE
Estimated Actual Estimated Actual
Lap Shear psi | Lap Shear psijFlatwise Tensile psi] Flatwise Tensile psi
5000 5161 1090 1314
5000 5374 1060 1296
4450 4832 1110 1390
4750 4917 1110 1144
3000 3224 1260 1383
2200 2342 1240 1378
5000 5151 1210 1482
5000 5335 1160 1191
5000 5050 1360 1234
4750 4620 1280 1471
4750 5094 1300 1331
4000 4280 1240 1356
2800 3220 1340 1240
4750 4931 1260 1464
4750 4864 1280 1444
2800 3020 1280 1455
2800 3084 1200 1281
3850 4003 1460 1560
3150 3330 1400 1440
2800 2985 1400 1530
3850 3973 1380 1305
5000 5228 1550 1543
5000 5074 1340 1200
5000 4902 1400 1470
5000 5080 1400 1510
TABLE _3
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“Thermal Inspection of Adhesive Bonded Structures"

E. J. Barton, Research Engineer
Automation Industries, Inc., Boulder, Colorado

..

INTRODUCTION

Infrared nondestructive inspection is a term rather generally applied
to types of testing where the amount of heat in a part or the heat flow
through a part is measured to evaluate its quality, This term is some-
what misleading since the true probing energy is actually the heat.
Infrared is simply one means of temperature readout, specifically
that portion of the spectrum to which radiometers (remote temperature
measuring instruments) are sensitive. Thermal NDT would be 2 more
suitable term since the temperature readout could be accomplished by
several methods such as thermometers, thermocouples, and heat sensi-
tive materials including paints and liquid crystals.

"Thermal NDT as we shall now refer to this type of inspection,
naturally breaks down into two categories: passive testing and active
testing. Passive testing involves the monitoring of the natural tempera-
ture variations of a part. An example would be testing an operating
circuit board for hot spots indicating defective components or improper
design. Another example of passive testing would be measurement of
human body temperatures to detect variations indicating disease or poor
blood flow. Measurement of furnace walls for hot spots indicating thin
areas would also be a passive test.

Active testing includes tests where the investigator applies or removes
heat from the part and measures temperature variations to determine the
internal characteristics. Most of the work discussed in this paper was
directed at evaluating materials and structures and therefore used the
active testing techniques.

BASIC THEORY

THe basic test configuration is shown in Figure 1. Heat energy in the
form of visible radiation is applied to the test surface. The heat diffuses
into the part at a rate dependent on the internal characteristics. Surface
temperature, an indication of the diffusion rate, is measured by a radio-
meter viewing the infrared radiation emitted from the surface. It should
be noted that the heat could be applied by such means as hot air or flame
heating. The surface temperature could alsobe measured by means
other than a radiometer. The important factor in the test is initiation of
heat flow through the part.
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Notice that the heating radiation and the temperature readout are
unrelated in origin. The heat originates in the heat source; the infrared
originates at the test surface. The test is not a measure of reflected
energy since natural isolation oczurs between the heater and sensor due
to their difference in wavelength. Also notice that neither heater nor
sensor paysically contacts the test part, a characteristic which is often
desirable in practice.

The method by which the surface temperature indicates subsurface
defects can best be described by referring to Figure 2. If heat is applied
evenly over the test surface it diffuses uniformly into the part. If,
however, a defect is present, as in this case the unbond between the two
laminates, the uniform heat flow will be obstructued. After a short time
a heat buildup will occur over the defect due to the obstruction. This
hot spot can then be detected on the surface and indicate the subsurface
defect, This explanation would apply equally well to solid materials with
voids, facing sheets bonded to honeycomb structures, or foreign materials
in a parent material,

The time required for the hot spot to appear on a test surface is
important, Referred to as the time delay between heating and tempera-
ture measurement, this parameter controls the penetration depth of the
test. Long delays allow the applied heat to penetrate deeply into the
part before the surface temperature is measured. This would be required
for slow conducting materials suich as nonmetallics or for defects deep in
a part. Short delays allow only shallow penetration as would be required
for near surface defects or for materials that rapidly conduct heat such
as most metals.

TEST METHODS AND RESULTS

In practice there are a wide range of test configurations and equipment
available to perform infrared or thermal NDT. As mentioned, the tech-
niques discussed here will be most applicable to material evaluation since
active testing is used.

Figure 3 shows a simple technique for a single line scan across a part.
This method involves using a stationary heat source and radiometer and
2 moving sample. The radiometer views a single point on the sample
and the relative motion of the test part generates the line scan. The heat
spot, typically in the form of focused heat lamp filaments is imaged on
the test part and swept from left to right in this figure. The radiometer!'s
view is aimed a short distance behind the leading edge of this moving heat
spot. This short delay allows the applied heat to diffuse into the test part
and form hot spots over the subsurface defects. The delay time depends
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on the scan speed and the delay distance. Typically, delays of less than
one second are used for most metallic samples while nonmetallics might
require several seconds delay. Typical scan speeds for tests of this type
would be in the range of 1 inch/second. Notice that longer delays do not
necessarily mean slower scan speeds but rather an increased distance
between the leading edge of the heat spot and the radiometer's view,

The graph shown in this figure is an actual recording of an aluminum
honeycomb structure. The radiometer signal, proportional to sample
surface temperature, is presented on the vertical scale. The horizontal
scale represents distance along the saiaple. This particular sample
consisted of 1/32 inch aluminum facing theets adhesively bonded to a
1/4 inch thick aluminum honeycomb structure with 3/16 inch diameter
cells, An unbond had been simulated by removal of 2 portion of the
sheet adhesive on one facing sheet.

The line scan starts on the left side at room temperature, increases
sharply as it moves onto the sample, increases again over the defect,
and returns to room temperature off the right side of the sample. The
vertical scale is approximately 10°C per division indicating the sample
is heated 12 to 15°C above ambient while the defect is 15°C hotter than
the normal sample temperature. This temperature increase over the
defect is caused by the obstruction of the heat flow from the facing
sheet into the honeycomb core. A similar passive test could have been
performed if the part had already been warm. No additional heat would
have been required and the defects would have appeared as cool spots
instead of hot spots,

The actual system used for this test is shown in Figure 4. This is
essentially the same configuration as presented in the line drawing
of Figure 3. The test sample is carried on a moving platform past
the heat source and tripod mounted radiometer. The heat source
consists of a pair of tungsten filament bulbs focused by reflecting optics
onto the material surface. If significant area coverage is required over
larger parts and speed is of primary importance, a method termed area
scan testing is much more appropriate. The configuration of sucha
test is illustrated in Figure 5. The basic heat penetration principle is
used but a ""paint brush' heat pattern is substituted for the previous
spot heater, The surface temperature is then monitored by an oscillating
radiometer, The data is presented on a facsimile recorder so that true
area scan results are obtained.

Figure 6 is a schematic representation of such an area scan system.
The "paint brush' heat source moves across the sample. A short time
delay allows the applied heat to penetrate into the part. An oscillating
radiometer then measures the surface temperature., This oscillating
motion is synchronized with the X-axis drive on the facsimile recorder.

e3-
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The sample speed is matched to the Y-axis (paper feedout) of the recorder.
Temperature information from the radiometer is then used to intensity
modulate the Z-axis of the recorder so that hot spots on the surface appear
as dark spots on the facsimile recording, The paper width is matched to
the test path width on the sample so that a full-scale permanent thermal
area presentation of the test part is obtained.

Figure 7 shows a photograph of such a system. The radiometer is
enclosed in the equipment cover and focused onto the target irnmediately
following the heat source, by means of deflecting mirrors. As the sample
passes the heat source and radiometer's view; an area recording is
directly produced on the recorder.
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Figure 8 shows typical test results on a heneycomb structure. This
part consisted of a thin fiberglass facing sheet adhesively bonded to an
aluminum core. The honeycomnb core had been separated from the facing
sheet to simulate an uinbond condition. This unbond is indicated by the
dark or hot spot in the recording. Notice also that the individual ceils . .
can be detected. The cell walls appear cool since they rapidly conduct
the applied heat away from the facing sheet while the cell centers are
hot because they present a thermal barrier to the applied heat.

o oty

The inspection speed for such a test is quite fast. The rapidly
oscillating radiometer scans a 7 inch wide path on the sample; the
linear scan speed along the part is typically 1 inch/second. These
combined motions result in an inspection speed of approximately
3 square feet/minute depending on the material tested.

I R

Other typical applications include inspection of laminate structures.
Figure 9 shows test results on a carbon-fiberglass laminate, This part
was used as a calibration standard to determine test capabilities. Seven
flat bottom holes of various sizes from 1/2" dia., to 1/8" dia. were put
in the fiberglass side of this part. These holes extended through the
fiberglass to the bond line to simulate unbond conditions. Four 1/2" dia.
holes of varying depths were also put in the fiberglass. These holes simu-
lated defects at various material depths from 1/16" to 3/16". The thermal
NDT was performed from the carbon side opposite the calibration holes
As the test results indicate, all of the varying sized holes were easily
detected. Two of the varying depth holes were detected. Detection of the
two deeper defects would have required longer delays associated with
deeper penetration into the part.

The system of Figure 7 was intended for laboratory or limited inspection
of parts up to about 2 feet wide. If larger parts, such as production air-
craft parts, are to be inspected, different part handling fixtures are required.

-4-
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The parts,
The test system
is then moved over the stationary part producing a similar facsimile
recording.

Figur= 10 shows a large production inspection system.
too large to easily move, are placed oxn the test table.

These systems which provide area coverage could be used to inspect
various types of parts including laminates and honeycombs fabricated of
metallics, nonmetallics, or composites of both materials. An optimum
test surface is any relatively flat surface. Successful tests have been
performed on aircraft parts such as wing sections and helicopter blades.
Shapes such as cylinders and spheres have also been tested but more
care is required so that the heat source and radiometer remain focused
at the test surface.

CONCLUSIONS

Two thermal NDT methods have been presented. Typical equipment
as well as actual results on various samples have been shown. Two
areas which have not been discussed in regard to thermal testing are
surface emissivities and defect resolution. Generally emissivity, an
indication of the surface reflectivity is not a major problem in testing.
For exampie, highly reflective surfaces like bare aluminum are difficult
to test because tiey reflect the applied heat and do not emit sufficient
infrared energy. This is overcome by applying an easily removable
coating such as a water soluble paint or 2 strippable coatirg. Any
coatings applied in the manufacturing process are generally acceptable
test surfaces. Even white paint provides sufficient uniformity for
accurate testing, Uniform test surfaces such as many steels and
etched surfaces as well as most nonmetallic surfaces do not require
any treatment for thermal testing. Plastics and nonmetallic composite
structures usually have 3 uniformly dark surface in the infrared, and
in this respect are especially well suited for thermal NDT.

Since the probing energy is heat, the thermal method is best suited
for near surface defects. The defect resolution does decrease as
defects extend deeper into the part simply because the excessive material
over the defect diffuses the developed hot spot. Typically, defects must
have a lateral diameter approximately 2 or 3 times their depth for easy
detection. For example, a defect 1/16 inch deep in a part must have a
lateral diameter of about 1/8 inch to be easily detected by thermal tech-
niques. The normal dimension can be quite small since heat flow will
be interrupted by a very thin discontinuity. These types of defects
normally appear in bonded structures such as laminates and honeycombs.
The test method need not, however, be limited to only these structures,
but can be applied to any sample which contains defects that would affect
heat flow through the part.
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The advantages of thermal NDT such as rapid inspection, noncontact
with part, and insensitivity to minor alignment variations easily offset
the limitations. As more people become familiar with techniques and
as more equipment becomes available, thermal NDT will fill a significant
position in quality assurance, materials evaluation, and maintenance
operations.
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Figure 1. Basic Test Configuration
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Figure 10, Production Inspection System
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ABSTRACT

The study of the mechanical behavior of materials at high load-
ing or strain rates is limited by equipment capabilities. Moving
crosshead machines are curreitly limited to rates below 30,000 inches
per minute, To simulate higher loading rates, high velocity impact-
ing flyer techniques are employed, such as gas gun and exploding foil
impact tests., Measurement and definition of material respons. and
structural changes resulting from exploding foil impact (plate slap)
tests have not been standardized and vary widely depending upon indi-
vidusl visual interpretation. Nondestructive examiuation before and

after such tests can indicate changes that have occurred which are
not detectable by visual examination.
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To assess the extent of change within resin matr.x composites
after impulsive loading, pre- and post-test nondestructive examina-
tions were performed on two-directional snd muitidirectional rein-
forced quartz-phenolic composite specimens., Film radiography, acoustic
velocity measurements, and attenuatiorn C-scan mapping were employed
to characterize material changes. Comparison of the pre- and post-
test X-ray radiographs showed little indication of change. Anelysis
of the velocity and attenuation data showed that the acoustic veloc-
ity of the composite materials decrsased sand the attenuation in-
creased due to plate slap testing. It is ghown that this decrsase
in velocity and incresse in attenuation can be related to an in-
crease in impuleive loading fcr both the two- and multidirectionally
reinforced composites.
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INTRODUCTIOR

One of the major applicetions of resin matrix composites is for
re-entry vehicle heat shields., These heat shields may be subject to
in-flight impulsive loading which can produce unfavorable material
changes - & reduction in rechanical strength and a decrease in sbla-
tion resistance. The effact of these material changes on the vehi-
cle performasnce is of importance to the design engineer, Therefore,
& need exists to know how impulsive loading will affect the resin
matrix composite heat shield materials and whet material changes
have occurred which would affect the vehicle performance,

To simulate in-flight impulsive loading, high strain rate tests
can be performed on the heat shield materials., Such tests include
tengion and compression tests with moving crosshead machines. These
moving crosshead machines are currently limited to rates below
30,000 inches per minute, To obtain higher loading rates, impact
testing has been used. Included in this type of testing are
Hopkinson's bar testing and high loading rate impact testing employ-
ing gas gun or exploding foil techniques. One such technique is
plate slap testing., This technique involves impacting a plate of
one material, the flyer plate, against a target of another material
st a high velocity, producing a short duration stress wave in the
impacted material, (Figure 1).

Each of these tests can cause changes in the properties and the
structure of the teated material. A method for measuring these mate-
rial changes is necessary. Mechanical testing of material that has
been preshocked by Hopkinson's bar testing has been used to assess
these material changesl. Another method of assessing the changes
in impact tested material is by visual examination. This visual
sxsmination allows only & gqualitative asgsessment of changes in
naterial properties ard as a result, there is a need to quantitively
and more accurately assess these changes for plate slap testing.
Other possible methods for such an evaluation includes nondestructive
analysis, physical property tests, such as ablation and heat transfer,
and impact testing of preshocked material.

This paper describes tne preliminary work on the asseacment of
material changes in resin matrix composites due to plate slap testing
using several nondestructive techniques. This paper covers the ini-
tial aspects of an intensive study currently in progress at McDonnell
Douglas Astronautics Company - Western Division (MDAC-WD) to relate
nondestructive analysis and mechanical testing to material changes
and plate slap test parameters.
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TECT JICAL APPROACH

The meterials evaluated in this program vere a two-directionally
reinforced laminate and a multidirectional full-angie interlock
(designated DACLOCK 120) quartz-phenolic composite. The two direc~
tional laminate was fabricated at MDAC-WD such that the fiber direc~
tion in each layer was 90° from the direction of the layers immediately
adjacent (Figure 2). These alternating layers are perpendicular %o
the thickness direction. This Zabric was impregnated with Monsanto
SC1008 resin and cured. This two-directional composite is currently
being used on re-entry vehicle systenms,

The multidirectional full-angle interlock quart: phenolic com-
posite was woven at Monsanto in Durham, North Carolina and then
impregnated with SC1008 and cured at MDAC-WD, The multidirectional
construction of this fabric consists of fibers at 90° to each otuer
in layers with additional fibers at s 30° angle to the layers
(Figures 3 and %). This nultidirectional composite has recently
received considerable sttention for re-entry vehicle heat shi2ldx
due to its superior properties (interlaminar shear strength) in the
thickness direction, which provides resistance to straes wave props-
gation damage and incressed ablation and spallation resistance over
other woven composites.

The two-directional laminated ccxposite subjected to an impulsive
loading test was expected to delsninste since ihe direction of stress
wave propagation was perpendicular {¢ the layers. Such delsmination
is visually apparent after severc impulse losding tests (Figure 5) and
is reflected in spallation and complete delexination of the specimen,
After less severe tests, some delsmination may bte seen at the apecimen
edges and sectioning cun reveal delamirations within the specimen.

The multidirectiongl composite with the full-sngled construction
will not delaminate in Ghe same gense &s the two-directional lasmina-
ted composite. Rather, internal changes such ax nicrc-cracking or
crazing of the resin matrix might be expected.

The assessment of material changes due to impulse loaling has at
present been acconmplished primarily by visual examination. However,
this technigue haz not been capable of campletely assessing ond guan-
titizing the changes within the material. Visusl exmmination oY the
surface or microstructure is 2 subjective ass=ssment dcpendent on the
individual performing the examination snd it is not alvays clear if
all material changes can be detected by visusl examination.

Nondestructive analysis may be applied to the evalustion of
plate slep specimens to provide a weans of detecting and quantiti-
zing material changes. The changes occurring due to plate slsp
testing in the two- and multidirectional ccmposite apecimens are

SER - NP

v




A, T S A AP B IS RN NSy e R

Wil

DR YT TP R

ST RN LR A s e

expected to effect ultrasonic wave propagation. Small cracks, crazed
resin, and delarinations cause the materisl to be a discontinuous
medium which will inhibit the transmittance of ultrasoric waves.
Therefore, the longitudinal wave velocity is expscted to decrease

and the acoustic attenuation to increasz in a tested plate slep
specimen,

Changes in fiber orientation or weaving geometry due to impulse
t2sting might be revealed by X-ray radiography. This technique has
been succeasfully used at MDAC-WD to study weaving irregularities in
wvoven composites, Therefore, to aid in the gquantitization of thase
changes, three nondestructive techniques, acoustic velocity, attenu-

ation C-scan mapping and X-ray radiography, were appiied before aad
after impact testing.

k pulse-echo technique which operates on the principal of
reflecting ultrasonic waves from a discrete discontinuity within
a nateria.l was used in the pre-test evaluation of the two-directional

‘535 specimens to detect delaminations and other discrete

defecta The equipaent used (Figure 6) utilized an Alden hot
wire recorder to provide C-scan maps of the specimens. This techni-
que could not be applied to the post test evaluation due to the high
attenuation of the two directional lamivate and multidirectionai
composite specimens aftor impact testing. A highly atienuating
material will significantly reduce the strength of the reflected signal
to the point of reducing tlie effectiveness of the pulse echo technique.

The acoustic attenuation or loss of signal strength through a 2, h
usterial was measured by a through transmission technique Pigure 7)°°
Attenuation (expressed in units of decibels) is defined as the logarithn
of -the ratio of input to output 6pov er where power can be expressed as
impedance times voltage squared®, Thus, the attenuation A of a
specizen is given by

2 V2

11

2
2V08

A8=-101og

and the attenuation of the specimen-free water path is given by

v2

A = - 10 lcg 1;
AP

where

Z,3 I, 8re the impedances of the input and output networks,
respectively.

Vl, V2 sre the input end output voltages of the transmitting
snd receiving transducers, respectively.




This through transmission technique measures the difference in these
tvo attenuations:

v
T
s

As-Awt-Z‘)log A

This equation shows that attenuation measured by this technique is
independent of the type of apparatus used and of the impedances of
the transmitting and receiving circuits. The impedances of the re-
celving network components must be matched, since reflections oceup,
due to impedance mismatch vhich cause noulinear attenuation losses'.
The measured attenuation, using the calibrated attenuator, is the
attenuation of the specimen since the attenuation of the water is
negligible (.002 db/cm).

The through transmission technique was used for attenuation
measurements because the materials under study possess & high atten-
uation level after plate slap tests prohibiting the use of pulse-
echo techniques. The equivment used to measure and record the
acoustic attenuation is shown in Figure 7. An increase or decrease
in the attenuation of the energy passing through the specimen was
indicated by the changing amplitude of the displayed signal, Using
the decibel attenuator, specific levels of attenuaticn were recorded
with the writing current for the Alden hot wire C-scen recorder being
switched on or off by the signal height. The sensitivity of this
on-off writing is less than 1 db. Specifie decibel losses were mea-
sured through each specimen at frequencies ranging ifrom 0.5 MHz to
2.5 MHz to determine thg frequency dependence of attenuation for the
resin matrix composites®.

During the course of the program it was found necessary to study
gseveral factors affecting the accuracy and repeatibility of the C-
scan maps of the specimens. An initial study was undertaken to de-
termine the effects of flat and focused transducers on the through
transmission technique. This was accomplished by making separate
C-scan maps on one specimen with a fiat and then focused transmitter.
Also studied were edge effects, identified by making C-scan maps at
different attenuaticn levels on the same specimen.

The longitudinal wave velocity was measured by a through trans-
mission technique employing two transducers in direct contact with
the specimens, using glycerin as the couplant (Figure 8)2:2s9, The
pulse traveiing through the specimen was detected by the receiving
transducer and ccmpared to an undelayed pulse which triggered the
gcore, The difference in these two timc., as measured at the initial
frequency cycle of the pulse, was the time required for the wavefront
to traverse the specimen. Due to the high attenuation o® the specimen
and the frequency dependence of attenuation, velocity measurenents were
made at one relatively low frequency, 0.5 MHz.




L VIR YOERS TR R RE

A O R LA R R e

All X-ray radiographs wvere taken with a Penetrex 50 kv constant
potential beryllium window unit. While exposures varied slightly
betweer the lsminated and multidirectional coaposites, the most
common parameters vere 50 kv at 10 ma for two minutes with a film-

to-source distance of 2k inches. All film (Kokak M Redipak) was

¢ssed under the same conditions through autamatic equipment
Kodsk Industrial X-Omat).

RESULTS AND DISCUSSIOR

Ultrasonic velocity measurements conducted on pre- and post-test
plate slap specimens of two directional and multidirectional quartz-
phenolic composites are given in Tables 1 and 2, Evident is a signi-
ficant decrease in acoustic velocity as a result of plate slap testing.
Also in Table 2 is the pre- and post-test attenuation of the multi-

directional composite, which shows a large increase in the attepuation
of the composite due to plate slap testing.

The X-ray radiographs of selected multidirectional plate siep
specimens (Figure 9) show little change in the pre- and post-test
specimens. Weave irregularities present in the untested material
seen t0 be unchanged in the tested material and in general, the regu-
lar weave pattern does not seem to be altered.

Through transmission attenuation C-scan maps (Figure 10) were
made for the untested and tested two directional composite, The
dark areas correspond to regions of the specimens vhich are more
attenuating. The attenuation reccrding level is greater for the
tested material, again showing the large increase in attenuation
due to plate slsp testing. The C-scan maps are excellent for out-
lining the areas of greater material change in the tested specimens.
The location of material change as a result of the plate slap test
can indicate how- the material was affected and how uniformly the
material responded to impulsive loading.

The attenuation of the multidirectional guartz phenolic caomposite
wvas found to be frequency dependent. For the untested material, the
attenuation increased from 15 db to 36 db for an increase in frequency
7y+om 0.5 MHz to 2.25 MHz. A1l C-scan maps shown in this paper were
made using & freguency of 1.0 MHz,

The ocutlining of the untested specimen on the attenuation
C-scan maps in Figure 10 is due to edge effects. At low attenuation
levels, scattering of the ultrasonic wave by the edges decreases the
intensity of the received signal and the apparatus records this loss
in signal strength as an increase in attenuation (dark area on
C-scan map). At higher attenuation levels, this scattering does not
aignificantly affect the strength of the received signal and outlin-
ing does not occur.
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Figure 11 shows an example of pre- and post-test C-scan maps
for the multidirectional composite. The attenuation level is
greater for the tested material and the area of greater material
change is outlined as for the two-directional composite, C-scan
maps were made at different attenuatiorn levels {Figure 12) for the
tested multidirectional composite., This figure shows that the
attenuation varies smong the specimens and that the material change
is greater in the center region of the specimen,

The sbove C-scan maps were all made using a 3/l-inch dismeter
f1lat transmitting trarsducer and a 3/8-inch diameter flat receiver.
The use of a focused transmitting transducer was investigated and
found to provide excellent C-scan maps. A 1 inch diameter focused
transducer with a 3-inck focal length was focused on the back sur-
face of the specimen, The effect of this focused transducer versus
a flat transducer on attenuation C-scan mapping is shown in Figure
13. The outlining of the higher ettenuating areas is more distinct
and exact with the focused transducer,

The limitation of visual examination as a method for the sssess-
ment of material change is illustrated in Figure 1i. The photographs
of the impacted side of the three plate slap specimens indicate s
large difference between the specimens where as the corresponding
attenuation and velocity measurerents do not indicate that there is
a8 difference among the specimens, The relative material change, as
measured by the attenuation and velocity tecihniques, is approximately
the seame for each specimen. The attenuation and velocity measurements
show that there is internal material change due to plate slap testing
vhich is not apparent and can not be quantitized by visual examination.

¥ondestructive analysis may provide a quantitive assessment of
material change as a result of plate slap testing. The relationships
between accustic velocity and a plate glap test parameter for the two-
directional and multidirectional composites are given in Figures 15
and 16, respectively. These graphs show that for an increase in im-
pulsive loading, the change in pre- and post-test velocity decreas=s,
This decrease in velocity indicates a greater degree of material
change associated with increasing impulsive loading.

Similar relationships exist between attenuation and the plate
slap test parameter for both the composites (Figures 17 and 18).
These graphs show that for an increase in impulsive loeding, the .
attenuation of the tested material increases, inaicating s change
in the properties of the naterial.
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COMCLUSIONS AND RECOMMEMDATIONS

Nondestrvctive analysis can be used to assess material changes
resulting from plate slap testing of resin matrix composites. The
acoustic velocity decreased and the attenuation increased between
untested and tested material. For increasing levels of impact, the
acoustic velocity of the tested materisl decreased and the attenus-
tion increased. X-ray radiography did not indicate any naterial
changes.

Further work is required or the application and develoment of
nondestructive techniques for the assessment of material change.
The use of focused transducers as both transmitter and receiver and
the use of smaller dismeter flat recei—=rs for attenuation C-scan
mapping must be investigated. Mechanical testing and microstruc-
tural examination of material subjected to impact testing and non-
destructive analysis needs to be completed. To accurately define
the effect of material change on sttenuation and velocity, a study
is required to relate these measurements to tensile and compressive
percent strain-to-failure., Also, by selected materisl removal, at-
tenuation measurements need be made on an impact testad specimen to
determine the through-thickness gradient of material change.

This work is planned or currently in progress at MDAC-WD as

part of s continuing program to relate nondestructive analysis and
mechanical testing to material change and plate slap test parameters.
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ABSTRACT

VARIANT PROPERTIES OF COMPOSITE MATERIALS
by J. R. Zurbrick*

We have found that the YLZP versus polar angle ( & ) relationship provides

the true value for isotropic modulus (E) for the particular laminate being
evaluated, and this value, in turn, is the key to linking micromechsanics

theory to practical, real reinforced plastics materials. The rapidiy-obtained
quantitative NDT response values from ultrasonic velocity (Vi) and gamma
radiometric density () measurements provide the necessary information

for ealculating 16 pieces of information which provide a practically complete
elastic property characterization of the laminate. This has beer accomplished
by solving the existing micromechanics equations together, and simplifying

them to obtain an equation for predicting the theorstical modulus (Eg) versus
polar angle (8) relationship. Sixty relationships have been developed, and 25
of ther have been reported covering six completely different resin systems,
{(epoxy, phenolic, polybenzimidazole, polyimide, polyester, and silicone) and
three reinforcements, 18l-style E-glass fabric, Thornel 40 fiber, and boron
filsment. One particularly exciting outcome of this data correlation and
analysis has been the ability to calculate the reinforcing fiber effective
elastic moduius as itlexists in the finished laminate. The calculated isotrople
shear zodulus value, G, and across-fiber single ply stiffness, 3, appear to
reflect the influences of porosity content and location, and interfacial bonding.
Hore study is currently underway to confirm this.
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INTRODUCTION

Whatever the scientific discipline, technological spacialty, or
business viewpoint, those concerned today with composite materials
know the sting of a seemingly irreducible problem: testing of
practical, real composite materisls for meaningful design properties.

Out from a rather remote and little-understcod, perhaps misunderstood,
corner of technolegy has come the long-sought-after solution. That
technology is nondestructive testing, and the solution it offers

is the subject of this paper.

We began four years ago to apply the probing energy furms used in
nondestructive testing for the purposes of quantitatively measuring
inherent variability within and between reinforced plastic laminates.
The work was sponsored by the Air Force Materials Latoratory, Metals and
Ceramics Division, who had the desire and foresight to fund suca an
approaci. As the work progressed, ultrasonic velocity (Vi) measure-
ments and gamma radiatiorn absorption measurements tegan tc show trends
and correlations with elastic properties, sometimes with uwitimate
properties, and with component volume fractions and densiiy (£). From
the overview there appeared e "thread of continuity" among all fiber
reinforced camposites but the puzzle was never quite complete for any
one composite system or family.

From among the analytical approaches the viewpoint of micromechanics
appeared to hold the most promise, although no provision for porosity
effeets or other abnormalities were accounted for in the modeling.
Porosity, its location and orientation were identified as the primary
degradant of the properties supplied by fiber and matrix. It became
apparent that the problem must be solved as a uni%; that solving one
small portion at a time only deepens the confusion.

The joining of recent revelations in micromechanics theory with
quantitative nondestructive test results brought forth the total
solution, &t least for elastic properdies.

a n of Fo e

The elastic properties -— modulus of elasticity in tension and compression
(B), shear modulus (G), and Poisson's ratio (07) —- of advanced plastic
composites are important in the design of structural, load-bearing
components produced from these materials. The beneficial anisotropic
character of fiber reinforced plastics requires, however, a new set of
constituitive equations, other than those used t{o describe the elastic
properties of isotropic materials.

The micromechanics discipline has developed the theory, through tensor
analysis, for identifying elastic properties in terms of some fiber
orientation, usually that of a surface fiber (O-degree orientation).
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Theories and relationships developed through micromechanics provide a
general understanding of the polar angle versus tensile/compressive

elastic mcduli, shear modulus, and Poisson's ratio. A case in point

is shown in Figures 1, 2 and 3 for fiber and matrix properties approximating
those of a boron/epoxy laminate containing a boron volume fraction of

0.65 (References 1 and 2). The three plots cover crossply ratio (m) of

m = 0 (90 degrees unidirectional), m = 1 (balanced orthogonal), and

m = 3 (unbalanced orthogonal where 75 percent of the filaments are aligned
in the O-degree direction). Other relationships cover the case of off-axis
(non 0- to 90-degree orientations) at some angle-X to the O-degree axis.

One of the major barriers to applying these micromechanics theories to real
laminates fabricated by people using various processing techniques and
conditions has been a great lack of experimental isotropic modulus values,
which fulfill the needs of micromechanics theoretical equations and asllow the
necessary calculations. The theoretical calculations can be made using assumed
values, but the supporting real laminate values rarely agree with them, due to
the problem of producing an "ideal" laminate in fact. The expense of developing
a reasonably complete set of supporting test data for even one case is enormous.

These questions, then, have been widely heard: "Are the micromechanics
theories and equations unrealistically ideal? Are the laminate producers
capable of fabricating truly designable reinforced plastics composite
materials?® The following discussion proposes to answer firmly these
questions by showing that the link between micromechanics theory and
actual leminate practice lies in the realm of nondestructive testing,

and that the proper application of ultrasonic and gamma radiometric
techniques allow the calculation of a real laminate's theoretical and
actual elastic properties, for comparison and understanding. It will be
shown that the micromechanics theories and equations are not unrealistically
ideal and that reinforced plastics are truly designable materials.

THEORETICAL BASTS

Efforts over the past few years to bring micromechanical theories and
relationships into practical focus have been aimed toward seeking realistic
values for the isotropic stiffness (E) and shear rigidity (G) values for

a composite system of interest. These values are the axes around which the
cosine and sine functions oscillate in the micromechanical predictive
equations of modulus versus polar angle. The isotropic modulus value

"pegs® the polar function, and if not properly chosen, there occurs a

large disagreement between the thoery and practical destructively-obtained
modulus vaelues for a real laminate. The isotropic modulus can be computed
from moduli obtained with a number of specimens cut at egual intervals of
angle, by taking the simple average. Because of the sinusoidal nature of
the relationship, this operation requires at least 18, (10-degree intervals)
and preferentially 36 (5-degree intervals) specimens from a single panel.
George Lubin and W. C. Tappe of Grumman have performed this tedious,
expensive, and time-consuming operation for a few glass fabric laminates
(Reference 3). Unfortunately, the panels were consumed in the process,

and there is no assurance that those values would apply to the next laminate.
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In lieu of the destructive test approach, Tsai and Thomas (Reference 1)
have proposed the following approximations:

E =
- %Eu*g-gz:a (1)
3 G =1 +1
- gEn ZEzz (2)

where

i i

E.Ll is the single~ply stiffness in the fiber axis direction, and
Eys is the single-ply stiffness in the direction across the fiber axis.
The Ej3 value may be calculated from the law of mixtures:

By = Vp Bp + Vi By (3)
where
V¢ = volume fraction fiber (glass or graphite, for example)
VW = volume fraction resin (epoxy, polyimide, etec.)
: EF = modulus of elasticity of the fiber
By = modulus of elasticity of the cured resin.

The calculation of Eyy is more difficult, especially for a value matched
to a specific laminate, and this becomes a barrier point. Assumed values
result in undesirable errors.

Reported experience at Avco/SSD has shown that the term VL29 for ultrasonic
velocity values taken in the ply-plane direction is related, through Poisson's
T ratio, to modulus of elasticity. Therefore, Vi@ values taken at 5-degree

2 . intervals around a disc cut from a real laminete could be averaged to

: obtain the desired isotropic modulus value:

_ (v)?
T = 92 L (4)

Rttt

E n(0.0124)
k‘ : where
' € = the density of the disc
: VL = ply-plane longitudinal wave velocity at 1 MHz
‘ n = the number of Vj, values summed (36 for 5-degree intervals)

Up to this point we are assuming that, in any polar direction, Eg and (VL)29
are values linked to the same materials entities, and are therefore linked
by a constant (C f(¢”) = 0.0124) to each other.
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For ply-plane V}, measurements we have reported

V2P = 0.0124F (5)
from which

Cf(07) = 0.0124 (6)
where:

C= igg units conversion from (in.éu. sec)? (gn/cw’) to
i psi, 0.010687

£(0r) = (1 +9)Q - 207)
1-7)

allowing the calculation for Poisson's ratio function:

£ (o) = _0.0124 = 1.16 (7
0.010687

and computation of Poisson!s ratio:

07 = 0.230 (8)

Armed with a real laminate value for E obtained from nondestructive tests,
ve were then in a position to reexamine the micromechanics predictive
equations for a method of calculating the theoretieal Eé versus ©
relationship for any given real fabricated laminate.

The recent APML report and book chapter on "Invariant Properties of Composite
Materials" Tsai and Pagano served as the guide for the fcllowing derivations
(Reference 2). The curves shown in Figures 1, 2 and 3 had been obtained

by Tsai, Thomas, and Pagano using:

A‘n/h = QS_]_ = Uy + Uy cos 26 + Uz cos 48 (9)
where:
U; = constant in Qij transformation equation
U2 = coefficient of cos 28 term in Q;; transformation equation
U3 = coefficient of cos 40 term in Qij transformation equation
Qil = reduced stiffness for bodies under plane stress; the prime
connctes at a polar angle
AZ'Ll = elastic constant of laminated composite; the prime connotes
at a polar angle
h = thickness of laminated composite
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as simplified according to the following:

n

(]

U1 (10)

Uy

=3
g
l

t::-:
N

(11)

Uy = Qr + Gz - 2012 - 4%
8

oAy 1 g RIS Y
. | AR

v (12)

but, for a coupling function of constituent stiffness ratio and fiber volume

fraction (B ) equal to 1 and for a Poisson's ratio (T712) of 0.25 (value
produced in NDT is 0.23), we can substitute:

Qs = Gyp = 3/8BFy, (13)

27, B I, L ITARTEY

2 Uy T Epy + By - 207:E, - 4(3/88E22) (14)
. 1 8
_ g- and recduce to
U3 T Ejy +E,, (1-207; - 3/2) (15)
1 k]
U3 = - 1/2 + 2 (0.25)
3 = By -Epl ] 6)
8
£ U3 T -
: : 3" - (17)
. f Finally by taking
=) - 3 = A
T (18)
3 and substituting, we obtain the useful form of the predictive equation:
Ee=§+(Ell"322 )cos29+/E11-E22 \cosl.e
2 8
\ / (29)
It caz be further simplified by remembering the approximation:
E = 3/8E); +5/8 Eyp (20)
-8
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-3 By (21)
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giving us
Fg = E +0.8 ()7 - E) cos 20 + 0.2(Ej3 - E) cos 48 (22)

This equation requires oniy two experimentally deterrined values for its
solution, Ej] and E. The rule of mixtures produces Ey;, from component
volume fraction values that can be determined nondestructively through
gamma radiometry or by means of a gravimetric resin burn-out procedure.

The nondestructive ultrasonic through-transmission technique for
longitudinal wave velocity produces the E value. The cosine functions
nay be found in trigonometric tables.

Equation 22 is actually not complete for the general laminate case, as
it was derived for only the case of a unidirectional laminate where
100 percent of the fibers lie in the O-~degree orientation direction.

The crossply ratio term:

m = Thickness of ers in O-degree ection (22)
Thickness of Layers in 90-degree Direction

has been used in micromechanics to identify the cases of balanced (0 =50 )
degree laminates and unbalanced laminates.

No mention, however, is made of its influence as a modifier of Equation

22, The derivation of a modifier term as a function of crossply ratio

was necessary to perform the desired predictive calculations of Eg from

the nondestructive test data generated under the subject program. That term
(3) = £ (m) was derived and has been named "orthogonal unbalance factor.®
Noting that the cos 26 term of Equation 22 controls the undirectional

case and the cos 4© term controls the perfectly balanced case, we arrive

at the most general form of the micromechanics theoretical equation:

Eg = E + 0.8 8(E;; - E) cos 26 + 0.2(Ej3-E) cos 48  (24)

This equation is applicable to zny and all 2-D orthogonaliy-oriented fiber
reinforced composite materials.

The practical use of Equation 24, the rule of mixtures, nondestructively
predicted values of P, VF, V4, and (Vf)g, and handbook values for Ey
and Ep, will allow, today, the complete elastic characterization of any
Teal laminate as follows:

1. Isotropic Modulus of Elasticity, E
2. Modulus versus ©, Theoretical, Eg
3. Modulus versus 8, Actual, Eg

4. Isotropic Shear Modulus, G

5. Poisson's Ratio, 07,

6. Density, ©

7. Volume Fraction Fiber, Vy
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8. Volume Fraction Resin, Vy

9. Volume Fraction Porosity, Vp

10, Percent Fibers ir 0° Orientation, Effective, Fp

11. Percent Fibers in 90° Orientation, Effective, Fgp
12, Cross-Fly Ratio, m

13, Single Ply Stiffness in Fiber Axis Direction, Eqj
14. Single Fly Stiffness in Directlon Across Fibers, Eps
15, Elastic Modulus of Fiber, Ep

16. Elastic Modulus of Matrix, Ey

EXPERIMENTAL VERIFICATTON

The approach toward experimental verificaticn was one of simply determining
the (VL)Q values at 5- or 10-degree intervals on discs cut from the laminate
panels produced and tested under the subject program. Sixty such disecs,
1-1// inch in diameter, were cut from the 181 style, E-glass/polyimide

and Thornel 40/epoxy pansls. Similar discs had been retained from the
previously reported programs; and these 181 style, E-glass fabric laminates
containing epoxy, phenoiie, polyester, polybenzimidazole, and silicone
resin systems, were also evaluated for the polar angle relationship. This
comprised a reasonably broad cross section of reinforced plastics techrology

existing today. :

These same discs were used for gamma radiometric calibrations and gravi-
metric resin-Lurn-out determinations.

The center portion of polar graph paper was bonded to each disc, the O-
degree line aligned with the fabric warp direction, or the surface fiber
direction in the case of Thornel 40. This provided the angle reference
during ply-plane ultrasonic velocity measurements at a center frequency

of 1.0 MHz, A total of 4300 units of data were generated, producing over
1209 (V)2 values. Computerized data reduction greatly aided this study.

Utilizing this information, plots of theoretical Eé versus 8 and NDT
experimental values of (V[|2@ versus 6 would reveal

a. the validity of Equation (5),
b. the validity of the "rule of mixtures",
c. the validity of the orthogonal unbalance factor, g,

d. the accuracy of between-ply coupling functions assumed in
the temsor analysis, and

e. the over-all practicality of using the generalized micromechanics
theoretical equation in the characterization and design of fiber
reinforced plastic laminates.

A disc cut 2 years ago from a mirimm.porosity polyester/181, E-glass
laminate, 3/8-inch thick, provided the answer, Figure 4. This laminate
had come closest to approximating the ideal, and in doing so positively
proved that the nondestructive test approach to characterizing elastic
properties was correct.
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But one amazingly perfect correlation was not considered to have described
the situation with ™non-ideal™ laminetes, those which

a. contain porosity, micro or macro,
b. were improperly laid up:

1. fabric placed warp to fill
2. improper fabric nesting
3. twisted or distorted fabric
4. >esin rich interlayers.

c. were over-"B"-staged,

d. were improperly cured,
e. contained a sizeable degree of orthogonal unbalance, and

f. contained gross defects.

Nor does the polyester case relate directly to destructively-determined
mechanical test values.

Lubin and Tappe (Reference 3) provided the link to destructive test values,
vhich serve as the referee in the comperison.

The Eg versus 8 plot from 36 angle-cut tensile specimens is shown, with the
theoretical prediction, in Figure 5, for a 181 style, E-glass/epoxy laminate.
The ultimate properties ere shown also in Figure 6, to exhibit the
similarity in the UiSg versus & relationship. Compare Figure 5, then, with
versus @ predictions based on nondestructive test data for a minimm
porosity, 181 style, E-glass fabric/epoxy laminate prepared at Avco/SSD,
Figure 7. Tke destructively-determined modulus values from tensile and
flexure tars, cut close to the R-16 disc, provided high values of Eyo
and 5‘900 as predicted in this figure.

To relate to the current program, plots for the 181, E-glass/Quantad 159,
Figure 8, 181, E-glass/PI-2501 system, Figure 9, and for the Thornel
40/epoxy system, Figure 10, were prepvared. In Figures 9 and 10,
significant values of orthogonal unbalance factor were indicated.

Note that each graph contains all 16 of the elastic characterization

values.

Gther polylmide resin systems, porosity situations, and layup error
responses are presented with brief commentary in 18 additional graphs.
Besides these we have developed 40 more such plots which exhibited
very similar correlations. These have not been published in the
interest of brevity.

ELASTIC PROPERTY CHARACTERIZATIONS

Elastic proparty characterizations for representative discs cut from
18 diffe:eni lamirates are presented. Five types of resin, eighkt resin
systems, and two reinforcements were covered in this work. The brief
commentary for each fi discusses the salient materials influences
exhibited in the (v:.)zg?e versus O relationships.
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). Figure 11 — 181, E-glass/epoxy {(2849-41 R-13)

& close correlation between NDT experimental values and the
micromechanical prediction is shown. The off-axis maximm and
minimum values of 5 to 7 degrees experienced were a direct result
of between-ply macroporosity as it interacted with the epoxy
resin matrix.

2. Figure 12 — 181, E-glass/epoxy (D900-5 R-17)

Both the off-axis shift and deviation in the second-quadrant minimum
from theoretical were shown. Slight between-ply macroporosity
caused the 5- to 10-degres shift, while a slight within-strand
microporosity contributed the deviation (Reference4 ). The one-lobe
appearance suggests that the "f£ill" strands contained the needle-
like porosity.

3. Figure 13 -~ 181, E-glass/phenolic (D900-11C R-14)

An extremely close fit between theory and experience was shown.

This was particularly interesting bscause it involved a crossply
ratio considerably less than 1.0. Porosity in this phenolic laminate
was entirely within-strand micrcporosity.

4. Figure 14 — 181, E-glass/polybenzimidazole (N-3 R-12)

In spite of severe between-ply macroporosity and slight within-strand .
microporosity, a close correlation was obtained. The between-strand

load transfer capabilities of the PBI system where porosity exists

has been remarkably high.

5. Figure 15 — 181, E-glass/silicone (D900-32 R-12)

A11 off-axis shifts, minimm-value deviations, greater-than-one
crossply ratio, and general lack of correlation were exhibited
with the silicone resin system. All of these were attributed to
lack of fiber-matrix bond and ply-to-ply cracking in the resin
matrix., Note the magnitude of E,, as compared to E;y, relative
to the previous figurec.

6. Figure 16 -~ Thornel 40/epoxy (486-74 R-2)

Significant orthogonal unbalance, as exhibited by the crossply ratio (m)
values, was typical of these materials, even for the so-called "balanced"
12-ply and 4-ply layup systems. Orthogonal mbalance has been
attributed more to fiber-count-per-ply rather than simply plies-per-
direction count.

It is then conceivable that a perfectly balanced {m = 1) laminate can be
fabricsted which contains an odd number of plies, for optimm neutral-
axis shear strength considerations. The deviation in the second-lobe
minimmm from theory has been attributed to O-degree oriented within-
strand microporosity.
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7. Figure 17 -- Thornel 40/epoxy (486-~76 R-1)

The shape of the NDT experimental curve was as expected from

ply-layup considerations. The theoretical curve provided a very
close correlation.

T A R

8. Figure 18 -~ Thornel 40/epoxy (486-81 R-1)

W et w

. : Note that by odd-ply count a crosspiy ratio less than one should
3 « have occurred with laminate. The fiber count per direction
j dominated to produce the experimental curve.

)
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9. Figure 19 -~ Thornel 40/epoxy (ARPA No. 1 X3)

This "balanced" panel of 12 plieg was considerably unbalanced.
The unbalance has been atiributed to the shear coupling weakness
- = of the 900 - 90° pair of neutral axis plies.
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10. Figure 20 — Thornel 40/epoxy (ARPA No. 2 X-2)

it i

A first attempt at correlation for thjs panel, using a Thornel 40
modulus of elasticity (Er) of 40 x 30° psi, was rather poor.

By using the NDT experimental data and back-calculating for Ep, a value
of 48 x 10° psi was obtained. This strongly suggested that the fiber

used in fabrication of this panel was actually Thornel 50, and not
Thornel 40 as intended.
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11. Figure 21 -~ Thornel 40/epoxy (ARPA No. 3 X-2)

R

This panel also provided & poor correlation using Ep = 40 x 106 psi.
Back calculation provided a value of 50.6 x 106 psi, again suggesting
the use of Thornel 50 in its fabrication. The balance in this panel
is as expected, indicating thet both ply-count balance and proper
fiber~-count-per-ply were obtained.
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12. Figure 22 -~ 181, E-glass/polyimide (CH-132i R-2)

Sl R U T TR T R SR RN s S U R L I

3 = Elastic modulus values for the 181, E-glass/polyimide system fell below
3 anticipated values. This typical situation was evident here and in the
) . following three figures, and it has been attributed to the within-strand
- 5 microporosity as it interacts with the hrittle resin system. The
4 N disastrous effect on shear modulus (G) and transverse-ply stiffness
- (Ep2) is evident in the tabular characterization. The crossply ratio
is remarkably greater than m = 1 for the 181 style fabric in this figure.

g g

13. Figure 23 -~ 181, E-glass/polyimide (CH-132B R-1)

This low=porosity, high resin content laminate provided a fairly close
correlation with theory. All porosity was of the within-strand
microporosity type.

: : 1. Figure 24 —- 181, E-glass/polyimide (CH-132C R-2)

A theoretical fit which accounted for the observed orthogonal unbalance
did not improve the general fit situation.
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15. Figure 25 — 181. E-glass/polyimide {CH-132E R3)

As in the previoue figure, the low glass content resulted in a
reduction of all elastic modull.

16, Figure 26 ~- 181, E-glass/polyimide (CH-140 R-2)

Cure conditions were such in this laminate that the resin appeared
crazed when observed under the nicroscope. Obviously this crazing,
or a O~degree ("fill") orientation to within-strand microporosity,
or bath , produced the severe second-lobe deviation. All three
specimens cut from the laminate exhibited this same erxperimental
curve shape.

17. Figure 27 - 181, E-glass/polyimide (CH-138E R-1)

What happens when the fabric plies are distorted during batch
prepregging? This is shown well for the Skybond 704 thermoplastic
polyimide resin system. The cosine relationship has disappeared,
slthough a theoretical fit, using a crossply ratio of m = 3.1,
provided a fair approximation.

18. Figure 28 -- 181, E-glass/polyimide (CH-138E R~2)

In this example, fabric ply distortion was extremely severe. The
distortion could be easily observed in radiographs of the original
panel. Any attempt at using the cosine relationship for a
theoretical fit was rather useless. A4 cosine fit where some angle-
ply €% relationship is factored in msy have provided a close fit.
The angle-ply theory from micromechanics will be investigated in

the near future. This figure demonstrates, from the positive aide,
the versatile designability of reinforced plastic composite materiels,
and the capability of nondestructive testing to record it.

SIMMARY

We have found that the V[2@ versus polar angle (8) relstionship
provides the true value for isotropic modulus (E) for the particular
laminate being evalusted, and this value, in turn, is the key to
linking micromechanics theory to practical, real reinforced plastics
materials.

The rapidly-obtained quentitative RDT response values from ultrasonic
and gamma radiometric measurements provide the necessary information

for calculating 16 pieces of information which provide a practically

complete elastic property characterization of the laminate.

This has teen accomplished by solving the existing micromechanics
equations together, and simplifying them to obtain an equation for
pradicting the theoretical modulus (Eg) versus poler angle (8)
relationship, which then may be used to analyze the NDT-predicted polar
modulus values.

Sixty relationships have been developed, and 25 of them have been
reported, covering six completely different resin systems, (epoxy,
phenolic, polybenzimidazole, polyimide, polyester, and silicone) and
three reinforcements, 18l-style E-glass fabric, Thornel 40 fiber, and
boron filsment.
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One particularly exciting outcome of this data correlation and analysis
has heen the ability to calculate the rainforcing fiber effective elastic
modulus as it exists in the finished laminate. The calculated isotropic
shear modulus valve, G, end across-fiber single ply stiffness, E,s,
appear to reflect the influences of porosity content and location, and
interfacial bonding. More study is currently underway to confirm this.
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ABSTRACT
Application of Nondestructive Testing for Advanced Composites
Robert T. Anderson

Thomas J. Delacy
Convair Division of General Dynamics

The special radiographic and ultrasonic techniques necessary for testing metal
matrix composites are described. Approaches to display and analysis of ultrasonic
and radiographic data are presented. Real-time filtered video, analog and digital
computer methods provide means for enhancing and dicplaying these data.

Other nondestructive testing methods which have been investigated include: thermal
gradient methods (infrared radiometry and cholestriec liquid crystal detectors),
eddy current and neutron radiography. The applications and limitations of these
methods are discussed.

Methods of nondestructively testing graphite filament reinforced resin matrix ma-
terials are also presented. Microwave and vacuum microradiography methods have
been explored and results are presented.

FOREWORD

This paper was prepared for presentation at the March 1969 AFML/Aerospace/
University of Dayton conference on NDT of Plastic/Composite Structures and repre-
sents a summary of portions of the following Con rair division of General Dynamics
programs:

RD-1-111-1031-911 - Nondestructive Testing of Plastic Laminates, Adhesive

Bonded Honeycomb, and Diffusion Bonded Metais

RD-1-111-1248-911 - Nondestructive Testing of Advanced Aerospace Materials
RD-1-111-6807-170 - Nondestructive Testing of Metal Matrix Composite Materials
RD-1-111-6807-172 - Nondestructive Testing of Aerospace Materials and Components
RD-1-111-6906-156 - Nondestructive Test Develop..uent.

INTRODUCTION

We paraphrase a quote of Carlton Hastings(l) who defines a material as a collection
of defects, Acceptable material is an accidental or organized collection of defects.
Scrap material is an unfortunate collection of defects. He further defines a defect as
an imperfection, sometimes significant, sometimes irrelevant.
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Figure 1. Cross section of 50% boron filament reinforced aluminum matrix
composite 0. 037 inch thick.

These thoughts are particularly appropriate if one considers the material in Figure 1.
This unique material can possess some highly desirable properties. For example,
consider the following comparisons:

Typical Typical 6061 Aluminum-
Aluminum Alloy Alloy Steel 50% Boron
Composite
Ultimate tensile strength 45 ksi 180 ksi 180 ksi
Yield strength @ y) 40 ksi 160 ksi 180 ksi
Young's modulus (E) 10x103ksi 30x103ksi 32 x 103 ksi
Specific gravity 2,70 7.75 2.70
Specific strength* 410 570 1,840
Specific stiffness** 102 107 327
*Specific strength =0‘y/ o p = density (Ib. /in.3)

**Specific stiffness = E/p

The last two entries tell the story. Pound for pound, the aluminum-boron composite
has more than four times the strength of aluminum, three times the strength of steel,
and is more than three times as stiff as both steel and aluminum. It is logical to ask,
""Why aren't many structures made from this material?" To answer this, some
limitations must be pointed out. Foremost, is the extremely high cost. Cost effective
applications are few, mainly limited to weight- and stiffness-critical designs like upper-
stage missile components or aircraft structures. Secondly, the composite specified in
the table has unidirectional filament orientation; transverse or cross-tension strength
is 12 to 15 ksi. Wide variability in mechanical properties often results from difficulties
in producing uniform quality.
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Looking again at Figure 1, one should ask, "at what scale should one think when
considering the applications of nondestructively testing this material?" . For a non-
destructive test to be useful, it must, at least, detect discontinuities. But imagine
looking for discontinuities in the filaments. One square foot of the matarial shown in
Figure 1 contains 16, 800 feet of filaments, just over thres miles. One linear inch
transverse to the filament direction intercepts seven layers of 200 filaments each.
This yields 1,400 inherent discontinuities per linear inch; and that piece is less than
0. 040-inch thick, about three-quarters the thickness of a dime!

The question of seale is one of philosophy. Certainly there is some "weakest link"
in the material at which point it would fail if sufficiently loaded. But is it necessary
to consider all discontinuities, even the natural, inhereut ones, in order to find only
E the critical ones? Or can all the irrelevant detail be "filtered out" by scme means?
= If so, at what point should the filtering be done? Shall the NDT probing media be
"detuned" so that the many individual small inlierent discontinuities will not interact?
Or shall the highest possible sensitivity between the probing media and test object be
utilized, and the resulting data filtered? In early stages of both material and test
method development, the latter approach seems better. If all possible data are obtained
initially, the data which turns out to be irrelevant can simply be ignored. This approach
does nof preclude the existence of oversights in data analysis; however, once obtaived,
the data can be subjected to as many forms of analysis as the experimenter's imagina-
tion and finances permit.

At this early stage of composite materials development, many other basic questions
remain upanswered. However, improvements in processing, testing and data analysis
have reduced the variability and increased the overall quality and properties of these
- materials., Benefits accruing from concurrent NDT and materials development are
several: (1) the materials engineer has feedback from which he can minimize his de-
structive testing; (2) the material producer can better control and improve his process;
(3) the designer has more confidence in the developed design allowables, and (4) most
of the quality control inspection problems have been exposed prior to production runs.

Some analyses have been made which attempt to attribute the significance of defects.
One smdy2 lists defects which are likely to be important to metal-matrix composites
(in decreasing order to relative importance):

1. Volume ratio variations

2. Filament degradation
3. Changes in matrix modulus
A 4. Matrix degradation {(disbonds, voids, diffusion zones, etc.)

5. Filament misalignment
6. Filament breakage

7. Filament-matrix disbonds




The analvsis leading to this listing requires 2 volume fraction greater than a cer-
tain critical value. However, this critical value is exceeded in materials of practical
interest. Experience in working with this material indicates that except for the order
of importance which is a highly dependent variable, this list is probably correct both
for metal and non-metal mstrix composites. If so, the nondestructive methods employed
so far are useful in detection, and to some extent, characterization of all the defects
except filament degradetion (number 2) and changes in matrix modulus (number-3).
These are the most difficult problems for NDT and require further attention.

ULTRASONIC TESTING

Although most of the work reported herein was performed on metal matrix compo-
sites, some resin matrix materials were also tested. Generally, the information
given here on metal matrix materials applies equally to any filament-reinforced
N compx-site.

Of major significance in any NDT application to composites is the problem of sep-
arating relevant signals from noise. Aside from any other factors involved, this
signal-noise problem could lead one to conclude that ultrasonic methods might not ke
applicable (consider the cross-section in Figure 1 again). The small area between

filaments in Figure 1 is the zone of matrix diffusion bonding. Note that these areas
= average only about 1/4 of the projected area of the adjacent filament-matrix contact
surfaces. Considering incident acoustic energy as plane waves, 3/4 f the incident
plane area intercepts reflecting, scattering, and diffracting interfaces at the very
first ply of boron. The energy which gets by the first ply is subjected to the reflecting,
scattering, and diffracting interfaces of the next ply, and so on. Thus, even in materi-
al with sound matrix bonds, the natural internal seattering is tremendous. And yet,
the aluminum-borcn composites do transmit substantial amounts of energy.
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There is fair transmission from the aluminum matrix through the mechanical and
chemical bond to the filament. In fact, even with complete matrix disbond, as long as
the matrix and filaments are in contac*, a sizable amount of energy is transmitted.
Calculation of the transmission coefficient showe that about 90% of the normal incident
energy is transmitted through the aluminum-boron interface. Furthermore, the critical
angle is about 30 degrees for fongitudinal waves incident on boron from aluminum. Thus,
these waves are transmitted into the filament within plus and mirus 0. 001 inch from the
centerline, and the filament is only 0. 004-inch diameter. As a result, reflection losses
are not as great as one might suspect; however, diffraction and scattering loses are
quite significant. Matrix disbonds, even though very small areas, have a fairly large
effect on both reflected and transmitted energy. Unlike the fractional, scattered re-

i : flections from filaments, matrix disbonds cause virtually total reflection and mostly
: in the 180-degree backward direction. Thus, 2 small disbond removes a substantial
: ' amonnt of energy from the transmitted beam.
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One of the more useful techniques of testing thin materials for defects aligned paral-
lel to the principal surfaces is the through-transmission method. A variation of this
method is a single-transducer, reflector plate technique shown in Figure 2. Ultra-
sonic energy transmitted through the specimen is returned to the transducer from a
smooth reflector. I disbonds are present, refleciion of sound at the interfaces results
in less transmitted energy. The resuitant is readily detected as a Gecrease in the
strength (amplitude) of the reflected signal. Figure 3 shows the signal presentation on
the cathode-ray tube (CRT) of the ultrasonic test instrument. The gated signal, input
to a recording amplifier, provides an output voltage of the proper level to the recorder.

The gating circuits can provide a go/no-gn output or a variable output. With the go/no-go
selection, only gated signals above a preselected amplitude cause an output to the record-

er. Inthe varinble mecde, the signal output to the recorder is proportional to the gated

signal amplitude.
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The C-scan recorder of Figure 4 is mechani-
cally linked to scan and index motions of the
transducer and electrically connected to the re-
corder amplifier. With a signal in the gate, the
recoxder receives the amplified signal and

BOND LINE T—ffgﬁ)‘?ﬁm—gﬁ "writes" during that time, A series of line

- - 7’_ TTSPECIMEN | geang synchronized with the moveraent of the
I test transducer (or test specimen) provides 2
full-secale plan view of the test object and shows

—_ — - —— _REFLECTOR
—_ .. Z—_j — defects in either black and white or variable
{ —_ — — - shades.

Since the fail of 1967, nearly 30, 000 square
2. Single transducer, through- inches of aluminum-boron composite have been
transmission reflector plate ultra- tested by these methods. Procedures have been
sonic test method. developed whereby a 6-step gray-scale is
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Figure 3. Signal presentation of the reilector plate ultrasonic technique.
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reproduced corresponding to known attenuation steps. Figure 5 shows the arrange-
ment of the ultrasonic instrumentation. The scanning bridge, bridge controls, trans-
ducer, tank and recorder are on the right. The ultrasonic instruments are at leit
center and strip chart recorder at the extreme left. Figure 6 is a close view Jf the
ultrasonic instrument and recorder showing the attenuators which are used to provide
reproducibility between different setups or different configurations.

':E":__i‘éi'f:;“"" Throughout the course of this work, numer-
/ TRANSDUCER ous specimens have been sectioned for compari-
STANMOTION /gﬁfg&mcr son with ultrasonic response. Figure 7 illus-
{__ 4/ RECORDER trates a typical comparison between the C-scan
el — m recording, a strip chart recording, and metal-
“.___” ’ lurgical sectioning.
INDEX
MOTioN ¢ The G-step gray scale represents the most
RECORDING steps which we were able to resolve by this
-~ PAPER method of recording. While the strip chart
- @ z?;::i_ ; recording shows a wider variance in a single
ggi;égomc :ggggggac scan, the facsimile-type recorder does not

provide discrimination between signals much

Figure 4. Ultrasonic testing system beyond 6 shades of gray. Because of this, a
arrangement used to produce per- completely different method of recording is

manent C-scan recordings. highly desirable.
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Figure 6. Ultrasonic equipment showing typical A-scan and C-scan displays and
attenuators used in setup.

One of the continual frustrations in working with NDT methods for composites is the
inability to adequately cope with the data generated. This inability is a combined failure
of current instrumentation and human sensory capacity. More advanced methods of data
presentation and analysis are required than those presently available.

RADIOGRAPHIC TESTING

Aluminum-Boron Composites

The X-ray absorption diffarence between tungsten (atomic number 74) and aluminum
(13) makes radiography feasible for detecting variation in boron-reinforced aluminum
matrix composites. The individual hali-mil diameter tungsten cores upon which the
boron is deposited are distinguishable on the radiographs even in multilayer material.
Alignment, spacing, and infegrity of the tungsten cores conveys information about the
boron which may or may not be visible on the radiograph. While maximum contrast
between aluminum and tungsten is obtained at bout 70 KeV (effective energy), the signal
contrast is high between the tungsten core and matrix at energy levels both above and
below this value {(see Figure 8). Where filament images are not overly superimposed, as
in very thin materials, the use of low energy allows more control over the exposure.
Alignment and filament brezkage may be determined without penetrating the tungsten

cores.
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Figure 7. Correlation Letween ultrascnic test results and metallurgical examination.
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HALF VALUE LAYER - INCHES

10° =F—r—%

S

— ALUMINUM [— For thick material and ir: "eased volume loading,
higher energy is needed. While 40 KeV is sufficient
energy to penetrate a single‘tungsten core, consider-
ably higher energy is required to produce an effective
energy which will penetrate both superimposed fila-
ments and matrix and produce a readable image. The
most significant factor is scatter buildup whch increases
with energy, reducing both contrast and sharpress of the
v image. For thick composites or where relatively high

= energy x-rays are employed (100KeV), it was found
advantageous to place a thin lead foil between the
specimen and film.
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A TUNGSTEN —]
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K ABSORPTION EDGE- 69, 64 keV

/ Routine considerations must be given to geometric
factors which affect detail or definition sensitivity. Of
these factors film selection is perhaps the most import-
ant. The thickness of double emulsion films, 0. 007 to
0. 009 inch, is sufficient to cause unsharpness due to
4 parallax of the tungsten core images. These losses
0 a0 80 120 160 200 are apparent at TX magnification within about a tvo-
X-RAY ENERGY (NARROW BEAM) - keV inch radius from the central axis of the exposure
Figure 8. Half-valve layer (based on a source to film distance of 36 inches). To
Versus energy. eliminate error due to this image parallax, radiography
was performed using single-emulsion fine grain x-ray
film. Magnification of the image up to approximately 40X is possible with these
emulsions,
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The radio;,raphy described is used to detect relaxed, misaligned, broken and missing
filaments in aluminum~boron composites. While the approach to radiography is conven-
tional, high radiographic quality is necessary. The perception of small detail is often
difficult because of the high noise level inherent in "busy" material. Techniques to reauce

this noise and enhance the images of subtle variations in the material will be discussed in
a later section.

Alignment between filaments is determined from the image of the tungsten cores.
The maximura allowable misalignment is about one degree. Where the image of crossed
filaments can be separated from the background, i.e., in low volume fraction or thin
material, tungsten core images crossover and form a Moire-like geometric pattern on
the radiograph. While the distance between fringes is a measure of filament alignment,
making numerous measurements over a large area is much too tedious to be practical.
However, since the fringe distance increases as the inter-ruiing angle between fila-
ments decreases, ihis pattern can serve to qualify the material on the basis of maximum
possible misalignment. Uniformity of the layup may also be observed from these patterus.
Figure 9 shows a radiograph of a 0-90° crossply Al/B composite in which an abrupt
change in layup cccurred in the 0° direction. Misalignment is most severe in the case of
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the more closely spaced pattern. The change ig attribnted io either g bregk or ol in
the filament spool during layup of the composite.

Broken filaments are detectible as a distinct separation of the tungsten cors, Fig-
ure 10, The separation gaps range from about 0. 001 to more than 0. 005 inch, Magni~
fication is required to detect breaks which are less than about 0. 005 inch, particuiarly
where other filament images are superposed.

Resin Matrix Composite

For resin matrix composites such as glass-reinforced epoxy and epoxy-graphite, con-
trast sensitivity is the most limiting Yactor. Since x-ray absorption in these materials
approaches that in air, very low-energy x-rays must be employed to detect subtle
variations within the composite, Xxposures must be made within vacuum to prevent
the absorption of low-energy photons by the air within ordinary exposure chambers.
Single-emulsion fine-grain x-ray film is used for rcutine radiography. Energy levels
ranging from about 2 to 25 KeV are employed; the enrergy being determined by thick-
ness and density of the test specimen, and to a lesser extent by required detail. Bare
film techniques prevent absorption of the x~1ays .y cassette material covering the
emulsion.

The x-ray device used by Convair to perform radiography on these materials is
shown in Figure 11, The x-ray unit has an extremely thin (0. 010-inch) beryllium win~
down and is capable of generating x-rays up to 110 KeV, The unit may be used without
external shielding for protection to personnel during the exposure. The vacuum chamber
inside the cabinet can be removed from the x-ray machine. The chamber is made of

Al - ~
s

Figure 10. Radiograph showing broken filaments in aluminum-boron composite.
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3/16-inch aluminum and is lined inside
with lead to provide a high photoelectric
cross-section for minimum scatter.

Microradiagraphy wasused to study de-
tail beyond the resolution of commercial
x-ray emulsion. High resolition photo-
graphic plate (2, 000 lines/mm) is used in
lieu of x-ray film (approximately 100 lines/
mm). Following development of the image,
the plate is viewed through a microscope.
Magnification up to 500X may be employed
to study various detail in the specimen.

Figure 12 shows radiographs of various
hybrid unidirectional and eross-ply epoxy~-
graphites. The radiographs, produced in
vacuum on high resolution plate, required
up to 72 hours of exposure.

Neutron Radiography

Neutron radiography has been suggested
for A1/B composites. However, as men-
tioned earlier, x-ray techniques are success-
ful in defining filament alignment and integ~
rity because the 0, 0005-inch tungsten core
provides a highly contrasting subject image
as compared with the aluminum matrix., In
the neutron radiograph , the high-contrast .
subject isboronwhichis 0.004-inch diame-
ter. Hence, in a multilayered composite,
absorption in the first layer of boron masks
the image of underlying filaments (see Figure 13). During the course of our studies,
several neutron radiographs have been made of aluminum/boron composites. The
results show that neutron radiography provides no advantages over x-radiography for
inspecting this material.

Figure 11, X-ray unit and vacuum
chamber, (1), used for micro~-
radiography of epoxy-graphite.

THERMAL TECHNIQUES

Cholesteric Liquid Crystal Detector

Aluminum/boron test paneis containing from 25 to 50 per cent boron were evaluated at
Convair using liquid crystals. The panels, ranging from 0. 029 to €. 080 inch thick,
contained known matrix disbonds. The panels were coated with a 0, 003-inch thick
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Radiograph of asbestos reinforced epoxy-graphite showing condition of filament layup
hidden by asbestos. Exposure: 5 KVP, 2 ma, SFD, 24 in., 60 hr. (vacuum).
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Radiograph showing integrity of filameits in cross-ply resin laminate following inter-

laminar failure. Exposure: 18 KVP, 2 ma, SFD, 24 in., 70 hr. (vacuum)-
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Microradiograph of hybrid epoxy-graphite showing separation between filaments, en-
trapped foreign material, resin rich area, etc. Exposure: 5 KVP, 2 ma, SFC 24 in.,
72 hr. (vacuum).
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E

Microradiograph of epoxy-graphite showing 0.0003 in. dia., glass filaments entrapped
during layup. Exposure: 5 KVP, 2 ma, S¥D 24 in., 72 hr. (vacuum).
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Figure 13. Neutron (left) versus x-ray radiograph (right) of Al/B composite.

pressure-sensitive vinyl to provide a background for observing color changes in the
crystal, Various water soluble paints were also used but were found less satisfactory
than the vinyl coating.

Liquid crystals were applied to the panels by spraying. Transient conditions were
established through regulation of the back side heat input and front side cooling. Six
distinet colors were observed — brown, red, yellow, green, violet and blue. The
clange through the color spectrum, i.e., clear to clear required about 38°C. With
careful manipulation of the heat input and cooling, a steady state was raaintained:
however, with the exception of the edges, only a singie color was observed over the
surfaces of the disbonded panels.

Known disbonds contained in the parels were not detected (or at least not recognized)
by the above technique. However, in the Al -B panels used, heat conduction is only
slightly affected by the presence of boron. In aluminum alloys, a direct relationship
exists between factors affecting thermal and electrical corductivity. It is not known
whether 50 per cent boron displacement of aluminum reduces the thermal conductivity
by 50 per cent as it does the electrical conductivity. Even if that were ihe case, the
composite would still be an effective conductor of thermal energy. It is probable that
a fast transient condition best establishes a detectible thermal gradient. However,
since the complete color spectrum requires 2°C, each color represents about 0.5°C.
While theoretically it is possible to establisha AT of 0.5°C in 0 050-inch thick
aluminum over an air-fiiled laminar separation (0. 001-inch thick) located in the middle
of a panel, the transient period would undoubtably be too fast to be observed visually.
Color-sensitive, photometric scanners would probably be required to detect such chunges.
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Various LC detectors and thicknesses were applied to the panels. In no instances
wore satisfactory conditions establizshed whereby the LC material repeatedly revealed

the presence of known defects (delaminations) in the material.

Infrared Testing

Additional therrua: tests were conducted using infrared-sensitive radiometric scan~
ning equipment. The panels were scanned using the arrangement illustrated in Figure
14, Five parallel scans were made along each panel as shown in Figure 15. Figure
16 ghows the recorded thermograph for one of the panels; the high temperature change
to the left is apparently edge effect. As with the L.C material, identification of known
disbonds was not possible using the method. = While illustrating the capability for
detection of gross discontinuities, thes= results indicate that infrared testing is less
sensitive and probably less reliable t.an ultrasonic testing for examining aluminum

matrix material.

Boron filament reinforced epoxy matrix com-
pesites have been successfully tested with thermal

=~ QUARTZ LAMP
' i{ HEAT SOURCE methods developed by the Fort Worth division. of
}y General Dynamics. The thermal properties of
R the resin matrix materials are much different

3¢ RADIOMETER from the metals. Interlaminar bond defects and
:, “%_ faulty resin ratios are detectable.
g ——AMPLIFIER
- SPECIMEN MOTION
N

~
~

EDDY CURRENT TESTS

Eddy current testing of Al-B composite materi-
- als has also been evaluated. With reference stand-
X-¥ RECORDER // ards, most of the commercial .eddy current testing
instrumentation is suitable for direct determination
of electrical conductivity. At ordinmary tempera-

NS Suipnpses

Fig:re 14. mlgtrzzidt::rmal € tures aluminum is about 12 orders of magnitude
testi & more conductive than boron. Since the conductivity
o8- of boron is negligible, the conductivity of a 50 per

cent boron composite is about equal t~ that of 50
per cent dense aluminum, except for a small correction due to the half mil tungsten

core.

A variable frequency (50 KHz--300KHz) instrument was used to study the behavior
of eddy currents in Al/B. A test frequency of about 200 KHz was found to provide ade-
quate sersitivity with minimal effects fromliftoff.  Various discontinuities were de-
tectible; however, because of the exponentially decreasing field penetration, near-surface
defects produced much greater response than did deeper-lying defects. The necessity
for scanning large areas of the test object as well as the problem of recording data is

a major disadvantage of the method.
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Figure 15. Position of thermal scans shown on ultrasonic
C-scan of panel containing knov'n disbond.

The most useful application of eddy cur-
rent testing is in volume fraction determin-

-7 ation. Figure 17 shows the relationship be-
tween volume fraction and conductivity for

==={ 6061 and 2219 aluminum alloy matrix materi-
= als. Two factors are important in the appli-

i cation of this method for volume fraction

determination,

1. Measurements should be made in areas

where no radiographic or ultrasonic
indications are apparent, and

2. Eddy current test frequency should be
carefully selected to preclude penetra~

e e i e ———

tion through the thickness of the test

Figure 16. Thermal scans - Panel Al-50% B. specimen.

L
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MICROWAVE TESTING

g 35 } H = ™

b :\ ‘ A limited study was conducted to evaluate

g 0ot microwave methods for NDT of glass-filament

§ . 6061-F MATRIX reinforced phenolic honeycomb structuves. 3

g8 25 ?\\ ' . Honeycomb test panels, 20 by 20 inches, were

§ N : constructed. Artificial defects, including simu-
S 20} 2219-F MATRIX : lated disbonding at the various interfaces, were
e ' S \\ introduced into the panels. Several glass-pheno-
= S TN T N TR lic laminate panels up to 0.25-inch thick and

20 25 30 35 40 45 0 aontaining artificial defects were also prepared.
VOLUME FRACTION (% BORON
Figure 17. Volume fraction versus Microwave reflactometry was performed at a
electrical conductance as deter-  test frequency of 3.4 GHz, Figure 18 is a simp-
mined by eddy current methods. lified block diagram of the test setup. The re-
flectometer was manually scanned over the

- surfaces of the test panels. Data output from the instrumentation indicated the ampli-

tnde of the standing wave at the reflectometer. Variations in the specimens resulted in
variations in the reflecied microwave signal and, hence, produced variations in the
resultant standing wave.

SUDE
SCREW
REFLECTOMETER  TUNER
FREQUENCY =
oo [
MICROWAVE
HORN (1 INCH SQUARE)
MODEL 664
MODEL 66 TEST PANEL

MICROWAVE-ABSORBING MATERIAL

Figure 18. Simplified block diagram of microwave nondestructive testing setup.

Nearly all artificial defects were found by this test method. Some could be detected
from either side of the panel, with greater sensitivity always occurring when the ano-
maly was on the same side of the panel as the reflectometer. Laminar discontinuities
were detectible where a physical separation was present, but very tight disbonds were.
not detected. With appropriate tooling, this nondestructive test method would be an
effective method for testing non-metallic honeycombs and lIaminates. A major advart-
age is that no intermediate coupling agents are required. The microwave method,
although less sensitive than ultrasonics for detecting delamination, is superior for
detecting deep-lying defects.

18
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NDT DATA ANALYSIS

The data resulting from NDT of composites are voluminous. Sensitive radiographs
show an extremely busy, noisy background. Images of interest are scattered through-
out the background and are, generally, only a minute fraction of the total information
available. Ultrasonic C-scans are similarly encumbered. Eddy current and thermal
tests and, in fact, any NDT in which penetrating energy reacts with the filaments, ex~
hibits noise if the test method is sufficiently sensitive to be useful.

It became apparent from the very first radiograph of aluminum/boron that inter~-
pretation of the data would be extremely tedious. At least 6X magnification is needed
for a trained observer to identify most of the filament breakage, aligned stray boron
and crossover. However, the field of view becomes more and more restricted as
magnification is increased. Adding to the difficulty are the effects of motion which

become exaggerated with magnification. Pencil and paper recording cf the data is a
two-man job. .

A search for a more convenient, less demanding system led to consideration of
special-purpose video devices. Not only can magnification ve readily handled, but
more importantly, videc signals can be processed in a variety of ways z2rd in real time.
In addition, wide flexibility is available in recording capabilities. Interfacing the video
signals with computers is relatively simple, although it is not yet ~ompletely clear
whether computer processing will provide any advaniage over video processing alone.

The video system developed at Convair is shown in Figure i9. Basic system ele-
ments are:

D Tv caveRa SY%C GEXERATOR

LNPROCESSED
VIDEQ DISPLAY

o] [z
F-2 (251

F-5 -3 Fa3

7 L 1
L VIDEQ SWITCHER ]
1
_ VIDE 5 AGC .
1
I VIDEQ QUAXTIZER 3

PROCESSED
viDEQ DISPLA

L

Figure 19. Experimental video system used in image enhancement tests.
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Camera

A vidicon camera is used with a resolution capability of at least 800 lines. It has
a separate-mesh one-inch vidicon with electromagnetic focus and deflection. Extension
tubes behind the lens allows good focus at close working distances. Magnifications of Y
greater than 40X at an 11-inch wide televisior: monitor are easily achieved. )

Distribution Amplifiers

Video from the camera control unit is fed to a series of distribution amplifiers to -
provide isolation ard additional gain as recquired by the various video filters.

Video Filters

Various filters ~— high pass, low pass, and several selected banipass — are used
in processing the video to eliminate various background elements and accentuate

desired images.

AGC Amplifier

* Automatic gain control is used to keep video level constant at the input of the video
quantizer. Synchronizing and blanking pulses are also reformed and added to the
signal in this device,

., teiw

Video Quantizer

The quantizer operates on the real-time video signal and provides a thresholded

output at any desired level. Thresholding is on the basis of brightness values. The
quantizer also provides a slow scan output at a very much reduced bandwidth for

transmission of the video information to computers or other devices which cannot , .
operate in real time due to limited bandwidth and atorage capability.

Displays ¥

Any standard telgﬂyision monitor can‘be used to diéplay both processed and unpro-
cessed outputs of the system. All necessary synchronizing pulses are present in
these outputs. Screen size is determined by viewing distances and amount of detail

neaded.

The video signa's corresponding to what the camera "sees" can be electronically
processed in various ways to provide image enhancement. This enhancement is con-
siderably more than just contrast enhancement and is accomplished by processing the
video signal with an optimum receiver. Optimum receiver design is a well-developed
branch of communication engineering and is general enough to cover the many different
cases of background and image brightness distributions likely to be encountered in
radiographs. Under many conditions the object of interest wili be only a faint line
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image or a series of dots, but this signal will be the only thing left in the picture if
all of the background clutter can be eliminated. In this way a slightly distorted but
enhanced image ic the orly thing presented on tne monitor or to the alarm logic of an
automatic flaw detection device. The enhanced image can also be ‘aperimposed over
a normal presentation of the radiograph.

Currently, radiographs are placed in front of the television camera and the resulting
video is processed by a combination of digital and analog means. Convair is also investi-
gating the use of flying-spot scanner devices as a possible replacement for the television
camera. These scanners offer increased reliability and more stable performance and
may be more cost effective than conventional vidicon camera systems particularly for
the applications discussed here.

Typical Examples

Convair's approach to image enbancement is to process the video coming directly
from the camera with analog filters and a digital threshold device. In the photograph
shown on the right in Figure 19 the unprocessed video is displayed on the left monitor
and the processed video to the immediate right. The large monitor on the extreme
right disvlays either processed or unprocessed pictures or a combinatior of the two.

In Figure 20 are three representations of a stray boron filament 0. 25-~inck long in
an alumini--50% boron composite 0. 021-inch thick, unidirectional layup. The stray
filament's presence in the composite during pressure diffusion bonding caused aligned
filaments to break. Figure 20{A) shows the normal, unprocessed video presentation
on an 11-inch wide monitor; Figure 20(B) shows the filtered video presentation of the
same radiograph. Ncte that much of the background has been eliminated and only the
main defect is distinct. Another alterrative display is shown in Figure 20{C). Here
the video has been filtered and then thresholded in the video quantizer. Brightaess
level discrimination by the quantizer provides a go/no-go signal, Ubviously, this is
an extreme form of contrast enhancement, and when coupled with the advantages of
background elimiration car be preset to show only images beyond a selected brightness
level. In addition, the final image may be shown in either a positive or negative
mode. ’

Figure 21 shows a condition of stray boron also in a unidirectionzl layup. In this
case there was no accompanying filament breakage. Figure 22 shows the condition in
a 0°~90° cross ply. For the cross ply material shown in the figure, only the hori~
zontal filament images have been suppressed by filtering the video. Ideally, cross-
ply material should be scanned from the directions of both layups.

Figures 23 and 24 are examples of crossed-over filaments in unidirectional and
cross-ply materiais, respectively. Crossover rvesults in two undesirable situations:
local off-axis alignment and volume fraction variations.
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A~ NORMAL, UNPROCESSED VIDEO

]

C FILTERED & QUANTIZED VIDEO

Figure 20. Stray boron filamen: in unidirectional aluminum-boron composite.

NORMAL, UNPROCESSED VIDEO

FILTERED VIDEO
Tigure 21, Stray boron filaments in unidirectional aluminum-boron composite.

22

i

= SesSo ST e Semse o TS Eoo -




g

n o
P o T A e

s

TN
B3y e
 eotentilalile

Y ey
S s SO
D eareermtreerase o v o

dw

.

ISR 5
v 0

Al

2yt gl wilhd Y ge

Aol Pty

o
pied

hwaine v A, 3

ST et gl R T T 11 et
Tkl
ASS

v oo
samgrtramsiniedr

! 0.10" |

NORMAL, UNPROCESSED VIDEO . .-~"FILTERED VIDEO

Figure 22. Crossed-over filaments in 0-30° cross-ply aluminum-boron
composgite.

NORMAL, UNPROCESSED VIDEO FILTERED VIDEO

Figure 23. Crossed-over filaments in unidirectional aluminum-boron
composites.

The slow-scan feature of the quantizer provides a vertical "gate" by which any of
the possible display modes — normal, filtered, quantized or combinations — can be
scanned. The output from the slow scan is a brightness analog from the particular
video mode selected. For example, at the upper left of Figure 25 is the picture on the
monitor of a weld radiograph showing porosity and inclusions. The slow-scan output
from the unprocessed video is shown on the accompanying oscillogram {below). The
quantized video is shown on the right with its corresponding slow-scan output below.
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NORMAL, UNPROCESSED VIDEC FILTERED VIDEO

Figure 24. Stray boron filaments in 0-80° cross-ply aluminum-boron composite.

This system is highly flexible and can be adapted to fully automatic interpretation.
1t is evident that various gating sciames are applicable. It is easy to visualize a fully
integrated system into which preset specification limits could be set. The system could

be simplified, miniaturized, and tailored for specific applications.

Although not yet thoroughly investigated many other possibilities for NDT data
analysis exist. For example, ultrasornic & .ad electromagnetic data could be generated
in X,Y,and Z analogs, just like conventional ultrasonic C-scan recordings. Instead
of being immediately displayed, the data ccu'd be magnetically recorded on a dise, or
recorded on tape then transeribed to a disc. Magnetic disc recording is the feature by
which the now familiar "instant replays,'" slc : motion and stop action are reproduced
by television broadcasters. This form cf recording would permit input to video systems
of data taken at very slow speeds as compared vith television speeds, for example,
from ultrasonic systems. Also feasible is direc: integration with existing x-ray sensi-
tive vidicon closed-circuit TV systems, now in 1 irly wide use throughout industry.

Fluoroscopic systems, widely used in medicine and industry, are also adaptable tc

this concept.

OTHER NDT METHODS APPLICABLE TO COMPOSITES

Some recent nondestructive methods which hold promise for evaluating composites
include optical and acoustic holographic techniques and stress wave acoustic emission
analysis. While these methods have not been applied to composites, techniques have
been developed successfully for a variety of other materials.
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SLOW SCAN QUTPUT FROM
UNPROCESSED VIDEO

SLOW SCAN OUTPUT FROM
QUANTIZED VIDEO

Figure 25. Porosity and inclusions in a thin aluminum weld.
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Holography

Holography is a method of recording the amplitude and phase of the optical wavefronts
reflected from an object and when reconstructed, these wavefronts have the relative
amplitude and phase of the original wavefronts, Three~-dimensional properties are
contained in the image of the reconstructed wavefronts. Acoustic holography is a
means by which scattered (or reflected) sound waves are converted into optical wave-
fronts to obtain the same properties. The lightwaves do not suffer the reflection and
mode conversion problems associated with acoustic energy.

In theory, the vibrational "signature' of sound material differs from the signature
of defective material: holograms provide a means for comparing the signatures of rela-
tively large areas of materials or structures against known acceptable standards. The
use of optical holography for locating leakage in aluminum-skin honeycomb has been
reported by the Boeing Company.4 Techniques have been developed for shell thicknesses

up to about 0. 070 inch.

Ultrasonic holography® has been applied to detect various iatersctions of sound
waves within a material in the form of attemiation and/or interference. Techniques
for performing coherent mapping of the data are based on a holographic recording of
coherently pulsed ultrasonic wavefronts over a line, along a plane, or throughout a
volume. While the method promises improved sensitivity and resolution over conven-
tional ultrasonic imaging, considerable development is required to make the method

practical.

Acoustic Emission

Stress wave acoustic emission analysis has been successfully applied to measure cexr-
tain mechanical properties of metals and glass filament reinforced structures. Ma-
terials emit sound astheyare strained. Some of the low-intersity, inaudible sounds
are precursors or incipient indicators of failure. Microphones or accelerometers can
be used to detect these signals. Both the frequency of emission and amplitude of the
sound can be analyzed in real time or recorded.

Acoustic emission analysis may be highly applicable both to measuring bond integrity
and to predicting ultimate strength in some composites. In-service, nondestructive
monitoring may be another application.
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CONCILUSIONS

Of the various NDT applied to composites, radiographic and ultrasonic tests have
proven most beneficial so far. However, the sensitivity of tests must be relatively
high, approaching current state-of-art thresholds. At these very high sensitivities,
tiie complicated sub-structures of composite material stands out as noise. Methods
of noise suppression and image enhancement are hizhiy desirable, perhaps essential.

High-contrast radiography has proven most useful for routine testing of meial and
resin matrix composites. Microradiography has been used during materials develop-
ment phases, particularly with the resin matrix materials.

The transmission reflection method of ultrasonic testing is extremely sensitive to
interlaminar matrix disbonding. The method is only effective, however, for fairly
thin sections of uniform cross section. For more complex shapes, other techniques
will be necessary.

Thermal methods have most application on the resin-matrix composites. Interlam-
inar defects and faulty resin ratios can be detected. It is concluded that the thermal
methods are not as reliable as ultrasonic methods for iesting the metal matrix,

Eddy current methods are most effective for volume fraction measurement on the
metal matrix material; there is limited application for defect detection. Microwave
methods have not been adequately investigated to determine their ultimate potential
on the resin matrix materials.

Methods which should be investigated in the future include holography and stress
wave acoustic emission. Vibrational methods, particularly those which can be con-
fined to small areas, may also prove useful.

Whatever the methods of NDT which prove most effective, data analysis and data
display techniques need immediate atiention. Computer and other mechanical/elec-
tronic devices should be integrated with NDT test and inspection equipment. In gener-
al, more systems-oriented approaches to NDT will be required for the advanced
composites.
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